3. Industrial Processes

Greenhouse gas emissions are produced as a by-product of various non-energy-related industrial activities.
That is, these emissions are produced from an industrial processitself and are not directly aresult of energy
consumed during the process. For example, raw materials can be chemically transformed from one state to ancther.
This transformation can result in the release of greenhouse gases such as carbon dioxide (CO,), methane (CH,), or
nitrous oxide (N,0). The processes addressed in this chapter include cement production, lime manufacture, limestone
and dolomite use (e.g., flux stone, flue gas desulfurization, and glass manufacturing), soda ash production and use,
CO, consumption, iron and steel production, ammonia manufacture, ferroalloy production, aluminum production,
petrochemical production (including carbon black, ethylene, dicholoroethylene, styrene, and methanal), silicon car-
bide production, adipic acid production, and nitric acid production (see Figure 3-1).1
In addition to the three figyre 3-1

greenhouse gases listed above,
thereareasoindustrial sourcesof
several classes of man-made flu-
orinated compounds called
hydrofluorocarbons (HFCs),
perfluorocarbons (PFCs), and sul-
fur hexafluoride (SFg). The
present contribution of thesegases
to the radiative forcing effect of
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included in the Energy chapter under Fossil Fuel Combustion of industrial coking coal, natural gas, and petroleum coke.
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idly asthey are the primary substitutes for ozone depleting
substances (ODSs), which are being phased-out under the
Montreal Protocol on Substances that Deplete the Ozone
Layer. In addition to ODS substitutes, HFCs, PFCs, and
other fluorinated compounds are employed and emitted by
a number of other industrial sources in the United States.
These industries include aluminum production, HCFC-22
production, semiconductor manufacture, electric power
transmission and distribution, and magnesium metal pro-
duction and processing.

In 1997, industrial processes generated emission
of 63.0 MMTCE, or 3.5 percent of total U.S. greenhouse
gasemissions. Carbon dioxide emissionsfrom all indus-
trial processeswere 17.8 MMTCE (65.2 Tg) in the same
year. This amount accounted for only 1 percent of na-
tional CO, emissions. Methane emissions from petro-
chemical and silicon carbide production resulted in emis-
sions of approximately 0.4 MMTCE (0.1 Tg) in 1997,
which was less than 1 percent of U.S. CH, emissions.
Nitrous oxide emissions from adipic acid and nitric acid
production were 7.8 MMTCE (0.1 Tg) in 1997, or 7 per-
cent of total U.S. N,O emissions. In the same year, com-
bined emissions of HFCs, PFCs and Sk totaled 37.1
MMTCE. Overall, emissions from industrial processes
increased by 39 percent from 1990 to 1997.

Emission estimates are presented in this chapter
for several industrial processesthat are actually accounted
for within the Energy chapter. Although CO, emissions
from iron and steel production, ammonia manufacture,
ferroalloy production, and aluminum production are not
the result of the combustion of fossil fuels for energy,
their associated emissions are captured in the fuel data
for industrial coking coal, natural gas, industrial coking
coal, and petroleum coke, respectively. Consequently, if
all emissions were attributed to their appropriate chap-
ter, then emissions from energy would decrease by
roughly 33 MMTCE in 1997, and industrial process
emissions would increase by the same amount.

2 See Annex P for adiscussion of emission sources excluded.

Greenhouse gases are also emitted from a number
of industrial processes not addressed in this chapter. For
example, caprolactam—a chemical feedstock for the
manufacture of nylon 6,6—and urea production are be-
lieved to be industrial sources of N,O emissions. How-
ever, emissionsfor these and other sources have not been
estimated at thistime due to alack of information on the
emission processes, manufacturing data, or both. Asmore
information becomes available, emission estimates for
these processes will be calculated and included in future
greenhouse gas emission inventories, although their con-
tribution is expected to be small.?

The general method employed to estimate emis-
sions for industrial processes, as recommended by the
Intergovernmental Panel on Climate Change (IPCC),
generally involved multiplying production data for each
process by an emission factor per unit of production. The
emission factors used were either derived using calcula-
tionsthat assume precise and efficient chemical reactions
or were based upon empirical data in published refer-
ences. As a result, uncertainties in the emission coeffi-
cients can be attributed to, among other things, ineffi-
ciencies in the chemical reactions associated with each
production process or to the use of empirically derived
emission factors that are biased and, therefore, may not
represent U.S. national averages. Additional sources of
uncertainty specific to an individual source category are
discussed in each section.

Table 3-1 summarizes emissions for the Industrial
Processes chapter in units of million metric tons of car-
bon equivalents (MM TCE), while unweighted gas emis-
sionsin teragrams (Tg) are provided in Table 3-2.

Cement Manufacture

Cement manufacture is an energy and raw mate-
rial intensive process resulting in the generation of car-
bon dioxide (CO,) from both the energy consumed in
making the cement and the chemical processitself.2 Ce-

3 The CO, emissions related to the consumption of energy for cement manufacture are accounted for under CO, from Fossil Fuel Combustion

in the Energy chapter.
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Table 3-1: Emissions from Industrial Processes (MMTCE)

Gas/Source 1990 1991 1992 1993 1994 1995 1996 1997
Co, 14.9 14.6 14.6 15.1 16.0 16.9 17.3 17.8
Cement Manufacture 8.9 8.7 8.8 9.3 9.6 9.9 9.9 10.2
Lime Manufacture 3.3 3.2 3.3 3.4 3.5 3.7 3.8 3.9
Limestone and Dolomite Use 1.4 1.3 1.2 1.1 1.5 1.9 2.0 2.1
Soda Ash Manufacture and Consumption 1.1 1.1 1.1 1.1 1.1 1.2 1.2 1.2
Carbon Dioxide Consumption 0.2 0.2 0.2 0.2 0.2 0.3 0.3 0.3
Iron and Steel Production* 23.9 19.2 20.7 21.0 21.6 22.2 21.6 23.5
Ammonia Manufacture* 6.3 6.4 6.7 6.4 6.6 6.5 6.6 7.1
Ferroalloy Production* 0.5 0.4 0.4 0.4 0.4 0.4 0.5 0.5
Aluminum Production* 1.6 1.7 1.6 1.5 1.3 1.4 1.4 1.4
CH, 0.3 0.3 0.3 0.4 0.4 0.4 0.4 0.4
Petrochemical Production 0.3 0.3 0.3 0.4 0.4 0.4 0.4 0.4
Silicon Carbide Production + + + + + + + +

N,O 8.1 8.3 8.0 8.4 8.9 9.0 9.2 7.8
Adipic Acid Production 4.7 4.9 4.6 4.9 5.2 5.2 5.4 3.9
Nitric Acid Production 3.3 3.3 3.4 3.5 3.7 3.7 3.9 3.8
HFCs, PFCs, and SFg 22.2 21.6 23.0 23.4 25.9 30.8 34.7 37.1
Substitution of Ozone Depleting Substances 0.3 0.2 0.4 1.4 4.0 9.5 11.9 14.7
Aluminum Production 4.9 4.7 4.1 3.5 2.8 2.7 2.9 2.9
HCFC-22 Production 9.5 8.4 9.5 8.7 8.6 7.4 8.5 8.2
Semiconductor Manufacture 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.3
Electrical Transmission and Distribution 5.6 5.9 6.2 6.4 6.7 7.0 7.0 7.0
Magnesium Production and Processing 1.7 2.0 2.2 2.5 2.7 3.0 3.0 3.0
Total 45.4 44.8 46.0 47.2 51.2 57.0 61.6 63.0

+ Does not exceed 0.05 MMTCE
* Emissions from these sources are accounted for in the Energy chapter and are not included in the Industrial Processes totals.
Note: Totals may not sum due to independent rounding.

Table 3-2: Emissions from Industrial Processes (Tg)

Gas/Source 1990 1991 1992 1993 1994 1995 1996 1997
Co, 54.6 53.4 53.7 55.3 58.6 62.0 63.4 65.2
Cement Manufacture 32.6 31.9 32.1 33.9 35.4 36.1 36.4 37.5
Lime Manufacture 11.9 11.7 12.1 12.4 12.8 13.6 14.1 14.2
Limestone and Dolomite Use 5.1 4.9 4.5 4.1 5.5 7.0 7.5 7.8
Soda Ash Manufacture and Consumption 4.1 4.0 4.1 4.0 4.0 4.3 4.3 4.4
Carbon Dioxide Consumption 0.8 0.8 0.9 0.9 0.9 1.0 1.1 1.2
Iron and Steel Production? 87.6 70.6 75.8 77.1 79.0 81.4 79.0 86.1
Ammonia Manufacture? 23.1 23.4 24.4 23.4 24.3 23.7 24.2 26.1
Ferroalloy Production? 1.8 1.6 1.6 1.5 1.6 1.6 1.7 1.8
Aluminum Production? 6.0 6.1 5.9 5.4 4.8 5.0 5.3 5.3
CH, 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Petrochemical Production 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Silicon Carbide Production + + + + + + + +
N,O 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Adipic Acid Production 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Nitric Acid Production + + + + + + + +
HFCs, PFCs, and SFg M M M M M M M M
Substitution of Ozone Depleting Substances M M M M M M M M
Aluminum Production M M M M M M M M
HCFC-22 Production® + + + + + + + +
Semiconductor Manufacture M M M M M M M M
Electrical Transmission and Distribution® + + + + + + + +
Magnesium Production and Processing® + + + + + + + +
+ Does not exceed 0.05 Tg b HFC-23 emitted

M (Mixture of gases) ¢ SFg emitted

@ Emissions from these sources are accounted for in the Energy Note: Totals may not sum due to independent rounding.

chapter and are not included in the Industrial Processes totals.
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ment production accounts for about 2.4 percent of total
global industrial and energy-related CO, emissions (IPCC
1996), and the United States is the world’s third largest
cement producer. Cement is manufactured in almost ev-
ery stateand isused in all of them. Carbon dioxide, emit-
ted from the chemical process of cement production, rep-
resents one of thelargest sources of industrial CO, emis-
sionsin the United States.

During cement production process, calcium car-
bonate (CaCQO,) is heated in acement kiln at atempera-
ture of 1,930°C (3,500°F) to form lime (i.e., calcium ox-
ide or CaO) and CO,. This processis known as calcina-
tion or calcining. Next, thelimeis combined with silica-
containing materialsto produce clinker (an intermediate
product), with the earlier by-product CO, being rel eased
to the atmosphere. The clinker is then allowed to cool,
mixed with asmall amount of gypsum, and used to make
Portland cement. The production of masonry cement from
Portland cement requires additional lime and, thus, re-
sults in additional CO, emissions. However, this addi-
tional lime is already accounted for in the Lime Manu-
facture source category in this chapter; therefore, the
additional emissionsfrom making masonry cement from
clinker are not counted in this source’s total. They are
presented here for informational purposes only.

In1997, U.S. clinker production—including Puerto
Rico—totaled 73,889 thousand metric tons, and U.S.
masonry cement production reached 3,473 thousand
metric tons (USGS 1998). Theresulting emissions of CO,
from clinker production were estimated to be 10.2
MMTCE (37.5 Tqg) (see Table 3-3). Emissions from ma-
sonry production from clinker raw material were esti-
mated to be 0.02 MMTCE (0.09 Tg) in 1997, but again
are accounted for under Lime Manufacture.

After falling in 1991 by 2 percent from 1990 lev-
els, cement production emissions have grown every year
since. Overall, from 1990 to 1997 emissions increased
by 15 percent. In 1997, output by cement plantsincreased
3 percent over 1996, to 73,889 thousand metric tons.
Cement is a critical component of the construction in-
dustry; therefore, the availability of public construction
funding, as well as overall economic growth, will have
considerable influence on cement production in the fu-

Table 3-3: CO, Emissions from Cement Production*

Year MMTCE Tg
1990 8.9 32.6
1991 8.7 31.9
1992 8.8 32.1
1993 9.3 33.9
1994 9.7 35.4
1995 9.9 36.1
1996 9.9 36.4
1997 10.2 BIE5

* Totals exclude CO, emissions from making masonry cement
from clinker, which are accounted for under Lime Manufacture.

ture. In the near term, a strong domestic economy and
the passage of the Federal Highway Act are two key fac-
tors that may lift the market for construction materials
and, thus, create growth in the cement industry.

Methodology

Carbon dioxide emissions from cement manufac-
ture are created by the chemical reaction of carbon-con-
taining minerals (i.e., calcining limestone). While in the
kiln, limestone is broken down into CO, and lime with
the CO, released to the atmosphere. The quantity of the
CO, emitted during cement production is directly pro-
portional to thelime content of the clinker. During calci-
nation, each mole of CaCO; (i.e., limestone) heated in
the clinker kiln forms one mole of lime (CaO) and one
mole of CO,:

CaCO; + heat -~ CaO + CO,

Carbon dioxide emissions were estimated by ap-
plying an emission factor, in tons of CO, released per
ton of clinker produced, to the total amount of clinker
produced. The emission factor used in this analysis is
the product of the average lime fraction for clinker of
64.6 percent (IPCC/UNEP/OECD/IEA 1997) and acon-
stant reflecting the mass of CO, released per unit of lime.
Thisyields an emission factor of 0.507 tons of CO, per
ton of clinker produced. The emission factor was cal cu-
lated as follows:

44.01 g/mole CO,
56.08 g/mole CaO
0.507 tons CO,/ton clinker

EF gjiner = 0.646 CaO X
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Masonry cement requires additional lime over and
above the lime used in clinker production. In particular,
non-plasticizer additives such aslime, slag, and shaleare
added to the cement, increasing its weight by approxi-
mately 5 percent. Lime accounts for approximately 60
percent of thisadded weight. Thus, the additional limeis
equivalent to roughly 2.86 percent of the starting amount
of the product, since:

0.6 x 0.05/(1 + 0.05) = 2.86%

An emission factor for this added lime can then be
calculated by multiplying this percentage (2.86 percent)
by the molecular weight ratio of CO, to CaO (0.785) to
yield 0.0224 metric tons of additional CO, emitted for
every metric ton of masonry cement produced.

As previously mentioned, the CO, emissions from
the additional lime added during masonry cement pro-
duction are accounted for in the section on CO, emis-
sions from Lime Manufacture. Thus, these emissions
were estimated in this chapter for informational purposes
only, and are not included in the cement emission totals.

Data Sources

The activity data for cement and clinker produc-
tion (see Table 3-4) were taken from U.S. Geological
Survey (USGS 1992, 1995, 1996, 1997, 1998); the 1997
figure was adjusted, as stated below, from USGS, Min-
eral Industry Surveys: Cement in December 1997. The
datawere compiled by USGS through questionnaires sent
to domestic clinker and cement manufacturing plants.
For 1997, clinker figures were not yet available. Thus, as
recommended by the USGS, clinker production was es-
timated for 1997 by subtracting 5 percent from Portland
cement production (Portland cement isamixture of clin-
ker and approximately 5 percent gypsum) and by sub-
tracting imported clinker.

Uncertainty

The uncertainties contained in these estimates are
primarily dueto uncertaintiesin the lime content of clin-
ker and in the amount of lime added to masonry cement.
For example, the lime content of clinker varies from 64

Table 3-4: Cement Production
(Thousand Metric Tons)

Year Clinker Masonry
1990 64,355 3,209
1991 62,918 2,856
1992 63,415 3,093
1993 66,957 2,975
1994 69,786 3,283
1995 71,257 3,603
1996 71,706 3,469
1997 73,889 3,473

to 66 percent. Also, some amount of CO, is reabsorbed
when the cement is used for construction. As cement re-
acts with water, alkaline substances such as calcium hy-
droxide are formed. During this curing process, these
compounds may react with CO, in the atmosphereto cre-
ate calcium carbonate. This reaction only occurs in
roughly the outer 0.2 inches of surface area. Since the
amount of CO, reabsorbed isthought to beminimal, itis
not considered in this analysis.

Lime Manufacture

Lime, or calcium oxide (Ca0), is an important
manufactured product with many industrial, chemical,
and environmental applications. Lime has historically
ranked fifth in total production of all chemicals in the
United States. Its major uses are in steel making, flue
gas desulfurization (FGD) at coal-fired electric power
plants, construction, pulp and paper manufacturing, and
water purification. Lime production involvesthree main
processes. stone preparation, calcination, and hydration.
Carbon dioxideis generated during the cal cination stage,
when limestone—mostly calcium carbonate (CaCO5)—
isroasted at high temperaturesin akiln to produce CaO
and CO,. The CO, isdriven off asagas and is normally
emitted to the atmosphere. Some of the CO, generated
during the production process, however, is recovered at
some facilities for use in sugar refining and precipitated
calcium carbonate (PCC)* production.

Lime production in the United States—including
Puerto Rico—was reported to be 19,300 thousand metric

4 Precipitated calcium carbonate is a specialty filler used in premium-quality coated and uncoated papers.
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tonsin 1997 (USGS 1998). Thisresulted in CO, emissions
of 3.9 MMTCE (14.2 Tg) (see Table 3-5 and Table 3-6).

Domestic lime manufacture has increased every
year since 1991, when it declined by 1 percent from 1990
levels. Production in 1997 increased 1 percent over that
in 1996 to about 19,300 thousand metric tons. Overall,
from 1990 to 1997, CO, emissions increased by 19 per-
cent. Thisincrease is attributed in part to growth in de-
mand for environmental applications. In 1993, the U.S.
Environmental Protection Agency (EPA) completed regu-
lations under the Clean Air Act capping sulfur dioxide
(SO,) emissions from electric utilities. This action re-
sulted in greater lime consumption for flue gas desulfu-
rization systems, which increased by 16 percent in 1993
(USGS 1994). At the turn of the century, over 80 percent
of lime consumed in the United Stateswent for construc-
tion uses. However by the 1990s over 90 percent was
consumed for chemical and industrial purposes, of which
28 percent were environmental uses (USGS 1997).

Table 3-5: Net CO, Emissions from Lime

Manufacture
Year MMTCE
1990 3.3
1991 3.2
1992 3.3
1993 3.4
1994 3.5
1995 3.7
1996 3.8
1997 3.9

Table 3-6: CO, Emissions from Lime

Manufacture (Tg)
Net

Year Potential Recovered* Emissions
1990 12.5 (0.5) 11.9
1991 12.3 (0.6) 11.7
1992 12.7 (0.6) 12.1
1993 13.2 (0.8) 12.4
1994 13.7 (0.9) 12.8
1995 14.5 (0.9) 13.6
1996 15.0 (0.9) 14.1
1997 15.1 (0.9) 14.2

* For sugar refining and precipitated calcium carbonate

production

Note: Totals may not sum due to independent rounding.

Methodology

During the calcination stage of lime manufacture,
CO, isdriven off as agasand normally exits the system
with the stack gas. The mass of CO, released per unit of
lime produced can be cal cul ated based on stoichiometry:

(44.01 g/mole CO,) + (56.08 g/mole Ca0) =
0.785 g CO,/g CaO

Lime production in the United States was 19,300
thousand metric tonsin 1997 (USGS 1998), resulting in
potential CO, emissions of 15.1 Tg. Some of the CO,
generated during the production process, however, was
recovered for use in sugar refining and precipitated cal-
cium carbonate (PCC) production. Combined lime manu-
facture by these producers was 1,470 thousand metric
tonsin 1997, generating 1.2 Tg of CO,. It was assumed
that approximately 80 percent of the CO, involved in
sugar refining and PCC was recovered.

Data Sources

The activity data for lime manufacture and lime
consumption by sugar refining and precipitated calcium
carbonate (PCC) for 1990 through 1992 (see Table 3-7)
were taken from USGS (1991, 1992); for 1993 through
1994 from Michael Miller (1995); for 1995 through 1996
from USGS (1997); and for 1997 from USGS (1998).

Uncertainty

The term “lime’ is actually a general term that in-
cludes various chemical and physica forms of this com-
modity. Uncertainties in the emission estimate can be at-
tributed to dlight differences in the chemical composition
of these products. For example, although much careistaken

Table 3-7: Lime Production and Lime Use for Sugar
Refining and PCC (Thousand Metric Tons)

Year Production Use
1990 15,859 826
1991 15,694 964
1992 16,227 1,023
1993 16,800 1,310
1994 17,400 1,377
1995 18,500 1,504
1996 19,100 1,428
1997 19,300 1,470
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to avoid contamination during the production process, lime
typically contains trace amounts of impurities such asiron
oxide, alumina and silica. Due to differences in the lime-
stone used as a raw material, arigid specification of lime
material isimpossible. Asaresult, few plants manufacture
lime with exactly the same properties.

In addition, aportion of the CO, emitted during lime
manufacture will actually be reabsorbed when the lime is
consumed. In most processesthat uselime (e.g., water soft-
ening), CO, reacts with the lime to create calcium carbon-
ate. Thisis not necessarily true about lime consumption in
the steel industry, however, which is the largest consumer
of lime. A detailed accounting of lime use in the United
Statesand further research into the associated processesare
required to quantify the amount of CO, that is reabsorbed.
Asmoreinformation becomesavailable, thisemission esti-
mate will be adjusted accordingly.

In some cases, limeisgenerated from calcium car-
bonate by-products at paper mills and water treatment
plants.® The lime generated by these processesis not in-
cluded in the USGS datafor commercial lime consump-
tion. In the paper industry, mills which employ the sul-
fate process (i.e., Kraft) consume lime in order to
causticize awaste sodium carbonate solution (i.e., black
liquor). Most sulfate millsrecover the waste cal cium car-
bonate after the causticizing operation and calcineit back
into lime—thereby generating CO,—for reuse in the
pulping process. However, some of these mills capture
the CO, released in this process to be used as precipi-
tated calcium carbonate (PCC). Further research is nec-
essary to determine to what extent CO, isreleased to the
atmosphere through generation of lime by paper mills.

In the case of water treatment plants, limeis used
in the softening process. Some large water treatment
plants may recover their waste calcium carbonate and
calcine it into quicklime for reuse in the softening pro-
cess. Further research is necessary to determine the de-
gree to which limerecycling is practiced by water treat-
ment plantsin the United States.

Limestone and Dolomite Use

Limestone (CaCo,) and dolomite
(CaCO4MgCO,)° are basic raw materials used by awide
variety of industries, including construction, agriculture,
chemical, metallurgy, glass manufacture, and environ-
mental pollution control. Limestoneiswidely distributed
throughout the world in deposits of varying sizes and
degrees of purity. Large deposits of limestone occur in
nearly every state in the United States, and significant
quantities are extracted for industrial applications. For
some of these applications, limestone is sufficiently
heated as part of aprocessto generate CO, as a by-prod-
uct. For example, limestone can be used as a flux or pu-
rifier in metallurgical furnaces, as a sorbent in flue gas
desulfurization (FGD) systems for utility and industrial
plants, or as araw material in glass manufacturing.

In 1997, approximately 15,288 thousand metric
tons of limestone and 2,239 thousand metric tons of do-
lomite were used for these applications. Overall, both
limestone and dolomite usage resulted in aggregate CO,
emissions of 2.1 MMTCE (7.8 Tg) (see Table 3-8 and
Table 3-9).

Emissions in 1997 increased 4 percent from the
previous year. Although they decreased slightly in 1991,
1992, and 1993, CO, emissions from this source have
since increased 53 percent from the 1990 baseline. In
the future, gradual increasesin demand for crushed stone
are anticipated based on the volume of work on highway
and other infrastructure projects, and the overall growth
in the U.S. economy. The increases will aso be influ-
enced by construction activity for both publicly and pri-
vately funded projects.

Methodology

Carbon dioxide emissionswere cal culated by mul-
tiplying the amount of limestone consumed by an aver-
age carbon content for limestone, approximately 12.0
percent for limestone and 13.2 percent for dolomite

5 Some carbide producers may also regenerate lime from their calcium hydroxide by-products, which does not result in emissions of CO,. In
making calcium carbide, quicklime is mixed with coke and heated in electric furnaces. The regeneration of lime in this process is done using
awaste calcium hydroxide (hydrated lime) [CaC, + 2H,0 - C,H, + Ca(OH),], not calcium carbonate [CaCO4]. Thus, the calcium hydroxide
is heated in the kiln to simply expel the water [Ca(OH), + heat — CaO + H,0O] and no CO, is released to the atmosphere.

6 Limestone and dolomite are collectively referred to as limestone by the industry, and intermediate varieties are seldom distinguished.
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Table 3-8: CO, Emissions from Limestone & Dolomite Use (MMTCE)

Activity 1990 1991 1992 1993 1994 1995 1996 1997

Flux Stone 0.8 0.7 0.6 0.5 0.8 1.1 1.2 1.2

Glass Making + + 0.1 0.1 0.1 0.1 0.2 0.2

FGD 0.5 0.6 0.5 0.5 0.6 0.7 0.7 0.8

Total 1.4 1.3 1.2 1.1 1.5 1.9 2.0 2.1

+ Does not exceed 0.05 MMTCE

Note: Totals may not sum due to independent rounding.

Table 3-9: CO, Emissions from Limestone & Dolomite Use (Tg)

Activity 1990 1991 1992 1993 1994 1995 1996 1997
Flux Stone 3.0 2.7 2.3 1.9 3.0 3.9 4.2 4.5
Limestone 2.6 2.3 2.0 1.6 2.1 2.5 3.3 3.5
Dolomite 0.5 0.4 0.4 0.3 0.8 1.4 0.9 1.0
Glass Making 0.2 0.2 0.2 0.3 0.4 0.5 0.6 0.6
Limestone 0.2 0.2 0.2 0.3 0.4 0.4 0.4 0.5
Dolomite NA NA NA NA NA 0.1 0.1 0.1
FGD 1.9 2.0 2.0 1.9 2.2 2.6 2.7 2.8
Total 5.1 4.9 4.5 4.1 5.5 7.0 7.5 7.8

NA (Not Available)
Note: Totals may not sum due to independent rounding.

(based on stoichiometry). Assuming that all of the car-
bon was released into the atmosphere, the appropriate
emission factor was multiplied by the annual level of
consumption for flux stone, glass manufacturing, and
FGD systems to determine emissions.

Data Sources

Consumption datafor 1990 through 1997 of lime-
stone and dolomite used asflux stone and in glass manu-
facturing (see Table 3-10) were obtained from the USGS
(1991, 1993, 1996, 1997, 1998). Consumption data for
limestone used in FGD were taken from unpublished
survey datain the Energy Information Administration’s
Form EI-767, “ Steam Electric Plant Operation and De-
sign Report,” (EIA 1997).

For 1990, 1994, and 1997, the USGS did not pro-
vide a breakdown of limestone and dolomite production
by end-use. Consumption figures for these years were
estimated by assuming that limestone and dolomite ac-
counted for the same percentage of total crushed stone
consumption for a given year as the average of the per-
centages for the years before and after (exception: 1990

7 This approach was recommended by USGS.

and 1997 consumption were estimated using the percent-
ages for only 1991 and 1996, respectively). Also, start-
ing in 1996, USGS discontinued reporting glass manu-
facture separately. From 1996 onward, limestone used
in glass manufactureis estimated based on its percent of
total crushed stone for 1995.

It should be noted that there is alarge quantity of
crushed stone reported to the USGS under the category
“unspecified uses’. A portion of this consumption is be-
lieved to be limestone or dolomite used asflux stone and
for glass manufacture. The quantity listed for “unspeci-
fied uses’ was, therefore, allocated to each reported end-
use according to each end-uses fraction of total consump-
tion in that year.”

Uncertainty

Uncertaintiesin this estimate are due to variations
in the chemical composition of limestone. In addition to
calcite, limestone may contain smaller amounts of mag-
nesia, silica, and sulfur. The exact specificationsfor lime-
stone or dolomite used as flux stone vary with the pyro-
metallurgical process, the kind of ore processed, and the
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Table 3-10: Limestone & Dolomite Consumption (Thousand Metric Tons)

Activity 1990 1991 1992 1993 1994 1995 1996 1997
Flux Stone
Limestone 5,797 5,213 4,447 3,631 4,792 5,734 7,569 7,967
Dolomite 932 838 737 632 1,739 2,852 1,899 1,999
Glass Making
Limestone 430 386 495 622 809 958 1,011 1,064
Dolomite NA NA NA NA NA 216 228 240
FGD 4,369 4,606 4,479 4,274 5,080 5,839 6,115 6,257

NA (Not Available)

final use of the slag. Similarly, the quality of the lime-
stone used for glass manufacturing will depend on the
type of glass being manufactured. Uncertainties also ex-
ist in the activity data. Much of the limestone consumed
in the United States is reported as “other unspecified
uses’; therefore, it is difficult to accurately allocate this
unspecified quantity to the correct end-uses. Furthermore,
some of the limestonereported as*limestone” isbelieved
to actually be dolomite, which has a higher carbon con-
tent than limestone.

Soda Ash Manufacture and
Consumption

Soda ash (sodium carbonate, Na,COs) is a white
crystalline solid that is readily soluble in water and
strongly alkaline. Commercial soda ash isused asaraw
material in avariety of industrial processes and in many
familiar consumer products such as glass, soap and de-
tergents, paper, textiles, and food. It isused primarily as
an alkali, either in glass manufacturing or simply as a
material that reacts with and neutralizes acids or acidic
substances. Internationally, two types of soda ash are
produced—natural and synthetic. The United States pro-
duces only natural soda ash and is the largest soda ash-
producing country in the world. Trona is the principal
ore from which natural soda ash is made.

Only two states produce natural soda ash: Wyo-

ming and California. Of these two states, only Wyoming
has net emissions of CO,. This difference is a result of

the production processes employed in each state.® Dur-
ing the production process used in Wyoming, natural
sources of sodium carbonate are heated and transformed
into a crude soda ash that requires further refining. Car-
bon dioxide (CO,) is generated as a by-product of this
reaction, and is eventually emitted into the atmosphere.
In addition, CO, may also be released when soda ash is
consumed.

In 1997, CO, emissions from the manufacture of
soda ash from trona were approximately 0.5 MMTCE
(1.7 Tg). Sodaash consumption in the United States also
generated 0.8 MMTCE (2.8 Tg) of CO, in 1997. Total
emissions from this source in 1997 were then 1.2
MMTCE (4.4 Tg) (seeTable 3-11 and Table 3-12). Emis-
sionshavefluctuated since 1990. Thesefluctuationswere
strongly related to the behavior of the export market and
the U.S. economy. Emissions in 1997 increased by 3
percent from the previous year, and have increased 7
percent since 1990.

Table 3-11: CO, Emissions from Soda Ash
Manufacture and Consumption

Year MMTCE
1990 1.1
1991 1.1
1992 1.1
1993 1.1
1994 1.1
1995 1.2
1996 1.2
1997 1.2

8 In California, soda ash is manufactured using sodium carbonate-bearing brines instead of trona ore. To extract the sodium carbonate, the
complex brines are first treated with CO, in carbonation towers to convert the sodium carbonate into sodium bicarbonate, which then precipi-
tates from the brine solution. The precipitated sodium bicarbonate is then calcined back into sodium carbonate. Although CO, is generated as
a by-product, the CO, is recovered and recycled for use in the carbonation stage and is never actually released.
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Table 3-12: CO, Emissions from Soda Ash
Manufacture and Consumption (Tg)

Year Manufacture ~ Consumption Total
1990 1.4 2.7 4.1
1991 1.4 2.6 4.0
1992 1.5 2.6 4.1
1993 1.4 2.6 4.1
1994 1.4 2.6 4.0
1995 1.6 2.7 4.3
1996 1.6 2.7 4.3
1997 1.7 2.8 4.4

Note: Totals may not sum due to independent rounding.

The United States has the world's largest deposits of
tronaand represents about one-third of total world sodaash
output. Thedistribution of sodaash by end-usein 1997 was
glassmaking, 49 percent; chemical production, 26 percent;
soap and detergent manufacturing, 12 percent; distributors,
5 percent; flue gas desulfurization, 3 percent; pulp and pa-
per production and miscellaneous, 2 percent each; and wa-
ter treatment, 1 percent (USGS 1998).

Domestic soda ash is expected to grow between 1
to 1.5 percent per year, while world demand is forecast
at 2to 3 percent annually for the next several years (USGS
1998). Exportsareadriving force behind increasing U.S.
soda ash production capacity. U.S. soda ash exportsin-
creased 9 percent in 1997 to arecord 3.8 million metric
tons (USGS 1998). The mgjority of the increase in soda
ash consumption isexpected to comefromAsiaand South
America (e.g., the automotive manufacturing industry).
However, the economic problems in Asia that began in
late 1997 will have a direct impact on U.S. soda ash ex-
ports. It is estimated that exportsto Asiain 1998 will be
about 2 percent less than that of 1997 (USGS 1998).

Methodology

During the production process, tronaoreis calcined
in arotary kiln and chemically transformed into a crude
soda ash that requires further processing. Carbon diox-
ide and water are generated as a by-products of the cal-
cination process. Carbon dioxide emissions from the cal -
cination of trona can be estimated based on the follow-
ing chemical reaction:

2(NagH(CO,), x2H,0) — 3Na,CO; +5H,0 + CO,

[trona] [soda ash]

Based on this formula, approximately 10.27 met-
ric tons of trona are required to generate one metric ton
of CO,. Thus, the 17.1 million metric tons of tronamined
in 1997 for soda ash production (USGS 1998) resulted
in CO, emissionsof approximately 0.5 MMTCE (1.7 Tg).

Once manufactured, most soda ash is consumed in
glassand chemical production, with minor amountsin soap
and detergents, pulp and paper, flue gasdesulfurization and
water treatment. As soda ash is consumed for these pur-
poses, additional CO, is usually emitted. In these applica-
tions, it is assumed that one mole of carbon isreleased for
every mole of soda ash used. Thus, approximately 0.113
metric tons of carbon (or 0.415 metric tons of CO,) are
released for every metric ton of soda ash consumed.

Data Sources

Theactivity datafor trona production and soda ash
consumption (see Table 3-13) were taken from USGS
(1993, 1994, 1995, 1998). Soda ash manufacture and
consumption datawere collected by the USGS from vol -
untary surveys of the U.S. soda ash industry. All six of
the soda ash manufacturing operations in the United
States compl eted surveys to provide data to the USGS.

Uncertainty

Emissions from soda ash manufacture are consid-
ered to be relatively certain. Both the emissions factor
and activity data are reliable. However, emissions from
soda ash consumption are dependent upon the type of
processing employed by each end-use. Specific infor-
mation characterizing the emissions from each end-use
is limited. Therefore, uncertainty exists as to the accu-
racy of the emission factors.

Table 3-13: Soda Ash Manufacture and
Consumption (Thousand Metric Tons)

Year Manufacture*  Consumption
1990 14,734 6,527
1991 14,674 6,287
1992 14,900 6,360
1993 14,500 6,350
1994 14,600 6,240
1995 16,500 6,510
1996 16,300 6,470
1997 17,100 6,670

* Soda ash manufactured from trona ore only.
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Carbon Dioxide Consumption

Carbon dioxide (CO,) is used for avariety of appli-
cations, including food processing, chemical production,
carbonated beverages, and enhanced oil recovery (EOR).
Carbon dioxide used for EOR isinjected into the ground to
increase reservoir pressure, and istherefore considered se-
questered.® For the most part, however, CO, used in non-
EOR applications will eventually enter the atmosphere.

Carbon dioxideis produced from a small number of
natural wells, asaby-product from the production of chemi-
cas(e.g., anmonia), or separated from crude oil and natu-
ral gas. Depending on the raw materials that are used, the
by-product CO, generated during these production processes
may already be accounted for inthe CO, emission estimates
from fossil fuel consumption (either during combustion or
from non-fuel uses). For example, ammonia is manufac-
tured using primarily natural gas as a feedstock. Carbon
dioxide emissions from this process are accounted for in
the Energy chapter under Fossi| Fuel Combustion and, there-
fore, are not included here.

In 1997, CO, emissions from this source not ac-
counted for elsewhere were 0.3 MMTCE (1.2 Tg) (see
Table 3-14). This amount represents an increase of 8
percent from the previous year and is 54 percent higher
than emissions in 1990.

Table 3-14: CO, Emissions from Carbon
Dioxide Consumption

Year MMTCE Tg
1990 0.2 0.8
1991 0.2 0.8
1992 0.2 0.9
1993 0.3 0.9
1994 0.2 0.9
1995 0.3 1.0
1996 0.3 1.1
1997 0.3 1.2

Methodology

Carbon dioxide emission estimates were based on
CO, consumption with the assumption that the end-use
applications, except enhanced oil recovery, eventually
release 100 percent of the CO, into the atmosphere. Car-
bon dioxide consumption for uses other than enhanced
oil recovery was about 6,143 thousand metric tons in
1997. The Freedonia Group estimates that, in the United
States, there is an 80 to 20 percent split between CO,
produced as a by-product and CO, produced from natu-
ral wells. Thus, emissionsare equal to 20 percent of CO,
consumption. The remaining 80 percent was assumed to
already be accounted for in the CO, emission estimates
from other categories (the most important being Fossil
Fuel Combustion).

Data Sources

Carbon dioxide consumption data (see Table 3-15)
were obtained from Freedonia Group Inc. (1994, 1996).
Data for 1996 were obtained by personal communication
with Paul Ita of the Freedonia Group Inc. (1997). The
FreedoniaGroup doesnot provide estimatesfor 1997. There-
fore, data for 1997 were estimated using the annualized
growth rate of carbon dioxide consumption from 1993 to
1996. Percent of carbon dioxide produced from natural wells
was obtained from Freedonia Group Inc. (1991).

Table 3-15: Carbon Dioxide Consumption

Year Thousand Metric Tons
1990 4,000
1991 4,200
1992 4,410
1993 4,559
1994 4,488
1995 4,842
1996 5,702
1997 6,143

9 tis unclear to what extent the CO, used for EOR will be re-released. For example, the CO, used for EOR may show up at the wellhead after
afew years of injection (Hangebrauk et al. 1992). This CO,, however, is typically recovered and re-injected into the well. More research is
required to determine the amount of CO, that in fact escapes from EOR operations. For the purposes of this analysis, it is assumed that all of

the CO, remains sequestered.
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Uncertainty

Uncertainty exists in the assumed allocation of
carbon dioxide produced fromfossil fuel by-products (80
percent) and carbon dioxide produced from wells (20
percent). In addition, it is possible that CO, recovery
existsin particular end-use sectors. Contact with several
organizations did not provide any information regarding
recovery. More research is required to determine the
quantity, if any, that may be recovered.

Iron and Steel Production

In addition to being an energy intensive process,
the production of iron and steel also generates process-
related emissions of CO,. Iron is produced by first re-
ducing iron oxide (ore) with metallurgical cokeinablast
furnace to produce pig iron (impure iron of about 4 to
4.5 percent carbon by weight). Carbon dioxide is pro-
duced as the coke used in this processis oxidized. Steel
(less than 2 percent carbon by weight) is produced from
pig iron in a variety of specialized steel furnaces. The
majority of CO, emissions come from the production of
iron, with smaller amounts evolving from the removal of
carbon from pig iron to produce steel.

Additional CO, emissions also occur from the use
of limestone or dolomite flux in iron and steel produc-
tion; however, these emissions are accounted for under
Limestone and Dolomite Use.

Emissions of CO, from iron and steel production
in 1997 were 23.5 MMTCE (86.1 Tg). Emissionsfluctu-
ated significantly from 1990 to 1997 due to changes in
domestic economic conditions and changes in imports
and exports. CO, emissions from this source are not in-
cluded in totals for the Industrial Processes chapter be-
cause they are accounted for with Fossil Fuel Combus-
tion emissions from industrial coking coal inthe Energy
chapter.'® Emissions estimates are presented here for in-
formational purposes only (see Table 3-16).

Table 3-16: CO, Emissions from Iron and Steel
Production

Year MMTCE Tg

1990 23.9 87.6
1991 19.2 70.6
1992 20.6 75.8
1993 21.0 77.1
1994 21.6 79.0
1995 22.2 81.4
1996 21.6 79.0
1997 23.5 86.1

Methodology

Carbon dioxide emissionswere cal culated by mul-
tiplying annual estimates of pig iron production by the
ratio of CO, emitted per unit of iron produced (1.6 met-
ricton CO,/toniron). The emission factor employed was
applied to both pig iron production and integrated pig
iron plus steel production; therefore, emissions were es-
timated using total U.S. pig iron production for al uses
including making steel.

Data Sources

Theemission factor wastaken from the Revised 1996
IPCC Guidelines (IPCC/UNEP/OECD/IEA 1997). Produc-
tion datafor 1990 through 1996 (see Table 3-17) camefrom
the U.S. Geologica Survey’'s (USGS) Minerals Yearbook:
\olume I-Metals and Minerals (USGS 1996, 1997); data
for 1997 were obtained from USGS (1998).

Table 3-17: Pig Iron Production

Year Thousand Metric Tons
1990 54,750
1991 44,100
1992 47,400
1993 48,200
1994 49,400
1995 50,900
1996 49,400
1997 53,800

10 Although the CO, emissions from the use of industrial coking coal as a reducing agent should be included in the Industrial Processes sector,
information to distinguish individual non-fuel uses of fossil fuels is unfortunately not available in DOE/EIA fuel statistics.
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Uncertainty

The emission factor employed was assumed to be
applicableto both pig iron production and integrated pig
iron plus steel production. This assumption was made
because the uncertainty in the factor is greater than the
additional emissions generated when steel is produced
from pig iron. Using plant-specific emission factors could
yield a more accurate estimate, but these factors were
not available. The most accurate alternative would be to
calculate emissions based on the amount of reducing
agent used, rather than on the amount of iron or steel
produced; however, these data were also not available.

Ammonia Manufacture

Emissions of CO, occur during the production of
ammonia. In the United States, roughly 98 percent of
synthetic ammoniais produced by catalytic steam reform-
ing of natural gas, and the remainder is produced using
naphtha (apetroleum fraction) or the el ectrolysis of brine
at chlorine plants (EPA 1997). Theformer two fossil fuel-
based reactions produce carbon monoxide and hydro-
gen gas; however, the latter reaction does not lead to CO,
emissions. Carbon monoxide (CO) in the first two pro-
cessesistransformed into CO, in the presence of acata-
lyst (usually a metallic oxide). The hydrogen gas is di-
verted and combined with nitrogen gas to produce am-
monia The CO,, included in agas stream with other pro-
cess impurities, is absorbed by a scrubber solution. In
regenerating the scrubber solution, CO, is released.

(catalyst)
3H, + N, - 2NH,

Emissions of CO, from ammonia production in
1997 were 7.1 MMTCE (26.1 Tg). Carbon dioxide emis-
sions from this source are not included in totals for the
Industrial Processes chapter because these emissionsare
accounted for with non-energy use of natural gas under
Fossil Fuel Combustion in the Energy chapter.’! Emis-
sions estimates are presented here for informational pur-
poses only (see Table 3-18).

Table 3-18: CO, Emissions from Ammonia
Manufacture

Year MMTCE Tg
1990 6.3 23.1
1991 6.4 23.4
1992 6.7 24.4
1993 6.4 23.4
1994 6.6 24.3
1995 6.5 23.7
1996 6.6 24.2
1997 7.1 26.1
Methodology

Emissions of CO, were calculated by multiplying
annual estimates of ammonia production by an emission
factor (1.5 ton CO,/ton ammonia). It was assumed that all
ammoniawas produced using catal ytic steam reformation,
athough small amounts may have been produced using
chlorine brines. The actual amount produced using this|at-
ter method is not known, but assumed to be small.

Data Sources

The emission factor was taken from the Revised
1996 IPCC Guidelines (IPCC/UNEP/OECD/IEA 1997).
Production data (see Table 3-19) came from the Census
Bureau of the U.S. Department of Commerce (Census
Bureau 1998) as reported in Chemical and Engineering
News, “Facts & Figures for the Chemical Industry.”

Table 3-19: Ammonia Manufacture

Year Thousand Metric Tons
1990 15,425
1991 15,576
1992 16,261
1993 15,599
1994 16,211
1995 15,788
1996 16,114
1997 17,415

11 Although the CO, emissions from the use of natural gas as a feedstock should be included in the Industrial Processes chapter, information to
distinguish individual non-fuel uses of fossil fuels is unfortunately not available in DOE/EIA fuel statistics.
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Uncertainty

It is uncertain how accurately the emission factor
used represents an average across all ammonia plants.
By using natural gas consumption data for each ammo-
nia plant, more accurate estimates could be calculated.
However, these consumption data are often considered
confidential and are difficult to acquire. All ammonia
production in this analysis was assumed to be from the
same process; however, actual emissions could differ
because processes other than catalytic steam reforma-
tion may have been used.

Ferroalloy Production

Carbon dioxide is emitted from the production of
several ferroalloys. Ferroalloys are composites of iron
and other elements often including silicon, manganese,
and chromium. When incorporated in alloy steels,
ferroalloysare used to alter the material properties of the
steel. Estimates from two types of ferrosilicon (50 and
75 percent silicon) and silicon metal (about 98 percent
silicon) have been calculated. Emissions from the pro-
duction of ferrochromium and ferromanganese are not
included here because of the small number of manufac-
turers of these materials. As aresult, government infor-
mation disclosure rules prevent the publication of pro-
duction datafor them. Similar to emissionsfrom the pro-
duction of iron and steel, CO, is emitted when metallur-
gical coke is oxidized during a high-temperature reac-
tion with iron and the selected alloying element. Due to
the strong reducing environment, CO is initially pro-
duced. The COiseventually oxidized, becoming CO,. A
representative reaction equation for the production of 50
percent ferrosilicon is given below:

Fe,0, + 250, + 7C - 2FeSi + 7CO

Table 3-20: CO, Emissions from
Ferroalloy Production

Year MMTCE Tg
1990 0.5 1.8
1991 0.4 1.6
1992 0.4 1.6
1993 0.4 1.5
1994 0.4 1.6
1995 0.4 1.6
1996 0.5 1.7
1997 0.5 1.8

Emissions of CO, from ferroaloy production in
1997 were 0.5 MMTCE (1.8 Tg). Carbon dioxide emis-
sions from this source are not included in the totals for
the Industrial Processes chapter because these emissions
are accounted for in the calculations for industrial cok-
ing coal under Fossil Fuel Combustion in the Energy
chapter.1? Emission estimates are presented here for in-
formational purposes only (see Table 3-20).

Methodology

Emissions of CO, were calculated by multiplying
annual estimates of ferroalloy production by material-spe-
cificemissionfactors. Emission factorswere appliedto pro-
duction data for ferrosilicon 50 and 75 percent (2.35 and
3.9 metricton CO,/metric ton, respectively) and silicon metal
(4.3 metric ton CO,/metric ton). It was assumed that &l
ferroaloy production was produced using coking coal, al-
though some ferroalloys may have been produced with
wood, other biomass, or graphite carbon inputs.

Data Sources

Emission factors were taken from the Revised 1996
IPCC Guidéines(IPCC/UNEP/OECD/IEA 1997). Produc-
tion datafor 1990 through 1996 (see Table 3-21) camefrom
the Minerals Yearbook: Volume I—Metals and Minerals
published in USGS (1991, 1992, 1993, 1994, 1995, 1996,
1997); data for 1997 were obtained from USGS (1998).

12 Although the CO, emissions from the use of industrial coking coal as a reducing agent should be included in the Industrial Processes chapter,
information to distinguish individual non-fuel uses of fossil fuels is unfortunately not available in DOE/EIA fuel statistics.
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Table 3-21: Production of Ferroalloys
(Metric Tons)

Ferrosilicon Ferrosilicon Silicon
Year 50% 75% Metal
1990 321,385 109,566 145,744
1991 230,019 101,549 149,570
1992 238,562 79,976 164,326
1993 199,275 94,437 158,000
1994 198,000 112,000 164,000
1995 181,000 128,000 163,000
1996 182,000 132,000 175,000
1997 175,000 147,000 187,000

Uncertainty

Although some ferroalloys may be produced us-
ing wood or other biomass as a carbon source, informa-
tion and data regarding these practices were not avail-
able. Emissions from ferroalloys produced with wood
would not be counted under this source because wood-
based carbon is of biogenic origin.'® Emissions from
ferroalloys produced with graphite inputs would be
counted in national totals, but may generate differing
amounts of CO, per unit of ferroaloy produced com-
pared to the use of coking coal. As with emissions from
iron and steel production, the most accurate method for
these estimates would be basing calculations on the
amount of reducing agent used in the process, rather than
on the amount of ferroalloys produced. These data were
not available, however.

Petrochemical Production

Small amounts of methane (CH,) arereleased dur-
ing the production of some petrochemicals. Emissions
are presented here from the production of five chemi-
cals: carbon black, ethylene, ethylene dichloride, styrene,
and methanol. Aggregate emissions of CH, from petro-
chemical productionin 1997 were 0.4 MM TCE (75 Gg)
(see Table 3-22). Production levels of all five chemicals
increased from 1990 to 1997.

Table 3-22: CH, Emissions from
Petrochemical Production

Year MMTCE Gg
1990 0.3 56
1991 0.3 57
1992 0.3 60
1993 0.4 66
1994 0.4 70
1995 0.4 70
1996 0.4 74
1997 0.4 75
Methodology

Emissions of CH, were calculated by multiplying
annual estimates of chemical production by an emission
factor. The following factorswere used: 11 kg CH,/met-
ric ton carbon black, 1 kg CH,/metric ton ethylene, 0.4
kg CH,/metric ton ethylene dichloride', 4 kg CH,/met-
ricton styrene, and 2 kg CH,/metric ton methanol. These
emission factors were based upon measured material
balances. Although the production of other chemicals
may also result in methane emissions, there were not
sufficient data to estimate their emissions.

Data Sources

Emission factorsweretaken from the Revised 1996
IPCC Guidelines (IPCC/UNEP/OECD/IEA 1997). An-
nual production data (see Table 3-23) came from the
Chemical Manufacturers Association Statistical Hand-
book (CMA 1998).

Uncertainty

The emission factors used here were based on a
limited number of studies. Using plant-specific factors
instead of average factors could increase the accuracy of
the emissions estimates, however, such data were not
available. There may also be other significant sources of
methane arising from petrochemical production activi-
ties which have not been included in these estimates.

13 Emissions and sinks of biogenic carbon are accounted for in the Land-Use Change and Forestry chapter.
14 The emission factor obtained from |PCC/UNEP/OECD/IEA (1997), page 2.23 is assumed to have a misprint; the chemical identified should

be dichloroethylene (C,H,Cl,) instead of ethylene dichloride (C,H,Cl,).
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Table 3-23: Production of Selected Petrochemicals (Thousand Metric Tons)

Chemical 1990 1991 1992 1993 1994 1995 1996 1997
Carbon Black 1,306 1,225 1,365 1,452 1,492 1524 1560 1,588
Ethylene 16,542 18,124 18,563 18,714 20,201 19,470 20,990 21,886
Ethylene Dichloride 6,282 6,221 6,872 8,141 8,482 7,831 8,596 9,152
Styrene 3,637 3,681 4,082 4,565 5112 5167 5387 5171
Methanol 3,785 3,948 3,666 4,782 4,932 5123 5262 5,455

Silicon Carbide Production

Methane is emitted from the production of silicon
carbide, amaterial used asanindustrial abrasive. To make
silicon carbide (SiC), quartz (SiO,) is reacted with car-
bon in the form of petroleum coke. Methaneis produced
during this reaction from volatile compounds in the pe-
troleum coke. Although CO, is aso emitted from this
production process, the requisite data were unavailable
for these calculations. Regardless, they are already ac-
counted for under CO, from Fossil Fuel Combustion in
the Energy chapter. Emissions of CH, from silicon car-
bide productionin 1997 (see Table 3-24) were 1 Gg (less
than 0.05 MMTCE).

Table 3-24: CH, Emissions from Silicon
Carbide Production

Year MMTCE Gg

1990
1991
1992
1993
1994
1995
1996
1997 +

+ Does not exceed 0.05 MMTCE

+ + + + + + +
e e

Methodology

Emissions of CH, were calculated by multiplying
annual estimates of silicon carbide production by an
emission factor (11.6 kg CH/metric ton silicon carbide).
This emission factor was derived empirically from mea-
surements taken at Norwegian silicon carbide plants
(IPCC/UNEP/OECD/IEA 1997).

Data Sources

The emission factor was taken from the Revised
1996 IPCC Guidelines (IPCC/UNEP/OECD/IEA 1997).
Production data for 1990 through 1997 (see Table 3-25)
came from the Minerals Yearbook: Volume |-Metals and
Minerals published in USGS (1991, 1992, 1993, 1994,
1995, 1996, 1997, 1998).

Table 3-25: Production of Silicon Carbide

Year Metric Tons
1990 105,000
1991 78,900
1992 84,300
1993 74,900
1994 84,700
1995 75,400
1996 73,600
1997 68,200

Uncertainty

Theemission factor used herewasbased on one study
of Norwegian plants. The applicability of thisfactor to av-
erage U.S. practicesat silicon carbide plantsisuncertain. A
better alternative would be to cal culate emissions based on
the quantity of petroleum coke used during the production
process rather than on the amount of silicon carbide pro-
duced. These data were not available, however.

Adipic Acid Production

Adipic acid production hasbeenidentified asasig-
nificant anthropogenic source of nitrous oxide (N,O)
emissions. Adipic acid is a white crystalline solid used
in the manufacture of synthetic fibers, coatings, plastics,
urethane foams, elastomers, and synthetic lubricants.
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Commercialy, it is the most important of the aliphatic
dicarboxylic acids, which are used to manufacture poly-
esters. Ninety percent of all adipic acid produced in the
United Statesis used in the production of nylon 6,6. It is
also used to provide some foods with a “tangy” flavor.

Adipic acid is produced through a two-stage pro-
cess during which N,O is generated in the second stage.
This second stage involves the oxidation of a ketone-
alcohol with nitric acid. Nitrous oxide is generated as a
by-product of this reaction and is emitted in the waste
gas stream. In the United States, thiswaste gasistreated
to remove nitrogen oxides (NO,), other regul ated pollut-
ants, and in some cases N,O. There are currently four
plantsin the United Statesthat produce adipic acid. Since
1990, two of these plants have employed emission con-
trol measures destroying roughly 98 percent of the N,O
in their waste gas stream before it is released to the at-
mosphere (Radian 1992). During 1997, a third plant in-
stalled comparable N,O emission controls that operated
for approximately a quarter of the year.

Adipic acid production for 1997 was estimated to
be 860 thousand metric tons. Nitrous oxide emissions
from this source were estimated to be 3.9 MM TCE (46
GQ) in 1997 (see Table 3-26).

Table 3-26: N,O Emissions from Adipic Acid
Production

Year MMTCE Gg
1990 4.7 56
1991 4.9 58
1992 4.6 54
1993 4.9 58
1994 5.2 62
1995 5.2 62
1996 5.4 63
1997 3.9 46

Adipic acid production reached its highest level in
thirteen yearsin 1997, growing about 3 percent from the
previous year. Though production continuesto increase,
emissions have been significantly reduced, due to the
widespread installation of pollution control measures
mentioned above.

Methodology

Nitrous oxide emissions were cal cul ated by multi-
plying adipic acid production by the ratio of N,O emit-
ted per unit of adipic acid produced and adjusting for the
actual percentage of N,O released as a result of plant-
specific emission controls. Because emissions of N,Oin
the United States are not regulated, emissions have not
been well characterized. However, on the basis of ex-
periments (Thiemens and Trogler 1991), the overall re-
action stoichiometry for N,O production in the prepara-
tion of adipic acid was estimated at approximately 0.3
kg of N,O per kilogram of product.

Data Sources

Adipic acid production datafor 1990 through 1995
(see Table 3-27) were obtained from Chemical and En-
gineering News, “ Factsand Figures” and “ Production of
Top 50 Chemicals’ (C&EN 1992, 1993, 1994, 1995,
1996). The 1996 and 1997 data were projected from the
1995 manufactured total based upon suggestions from
industry contacts. The emission factor was taken from
Thiemens, M.H. and W.C. Trogler (1991). Adipic acid
plant capacities were obtained from Chemical Market
Reporter (June 15, 1998).

Table 3-27: Adipic Acid Production

Year Thousand Metric Tons
1990 735
1991 771
1992 708
1993 765
1994 815
1995 816
1996 835
1997 860

Uncertainty

Because N,O emissions are controlled in some
adipic acid production facilities, the amount of N,O that
is actually released will depend on the level of controls
in place at a specific production plant. Thus, in order to
calculate accurate emission estimates, it is necessary to
have production data on a plant-specific basis. In most
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cases, however, these data are confidential. As a result,
plant-specific production figures were estimated by al-
locating total adipic acid production using existing plant
capacities. This creates a degree of uncertainty in the
adipic acid production data used to derive the emission
estimates as it is hecessary to assume that all plants op-
erate at equivalent utilization levels.

The emission factor was based on experiments
(Thiemens and Trogler 1991) that attempt to replicate the
industrial process and, thereby, measure the reaction sto-
ichiometry for N,O production in the preparation of adipic
acid. However, the extent to which thelab results are repre-
sentative of actual industrial emission ratesis not known.

Nitric Acid Production

Nitric acid (HNOs) isan inorganic compound used
primarily to make synthetic commercial fertilizers. It is
also amajor component in the production of adipic acid—
a feedstock for nylon—and explosives. Virtually all of
the nitric acid produced in the United Statesis manufac-
tured by the catal ytic oxidation of ammonia (EPA 1997).
During thisreaction, N,O isformed as a by-product and
isreleased from reactor ventsinto the atmosphere. While
the waste gas stream may be cleaned of other pollutants
such as nitrogen dioxide, there are currently no control
measures aimed at eliminating N,O.

Nitric acid production reached 8,232 thousand
metric tonsin 1997 (C&EN 1998). Nitrous oxide emis-
sions from this source were estimated at 3.8 MMTCE
(45 Gg) (see Table 3-28). Nitric acid production for 1997
decreased 1 percent from the previous year, but has in-
creased 13 percent since 1990.

Table 3-28: N,O Emissions from Nitric
Acid Production

Year MMTCE Gg
1990 3.4 40
1991 3.3 40
1992 3.4 40
1993 8.5 41
1994 3.7 43
1995 3.7 44
1996 3.9 46
1997 3.8 45

Methodology

Nitrous oxide emissions were cal cul ated by multi-
plying nitric acid production by the amount of N,O emit-
ted per unit of nitric acid produced. Off-gas measure-
ments at one nitric acid production facility showed N,O
emission rates to be approximately 2 to 9 g N,O per kg
of nitric acid produced (Reimer et al. 1992). In calcul at-
ing emissions, the midpoint of this range was used (5.5
kg N,O/metric ton HNO,).

Data Sources

Nitric acid production data for 1990 through 1997
(see Table 3-29) were obtained from Chemical and En-
gineering News, “ Factsand Figures” (C&EN 1998). The
emission factor range was taken from Reimer, R.A.,
Parrett, R.A., and Slaten, C.S. (1992).

Table 3-29: Nitric Acid Production

Year Thousand Metric Tons
1990 7,196
1991 7,191
1992 7,381
1993 7,488
1994 8,005
1995 8,020
1996 8,351
1997 8,232

Uncertainty

These emission estimates are highly uncertain due
to alack of information on manufacturing processes and
emission controls. Although no abatement techniques are
specifically directed at removing N,O at nitric acid plants,
existing control measures for other pollutants may have
some impact upon N,O emissions. The emission factor
range of 2 to 9 g N,O per kg of nitric acid produced is
significant, leading to further uncertainty when apply-
ing the midpoint value.
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Substitution of Ozone
Depleting Substances

Hydrofluorocarbons (HFCs) and perfluorocarbons
(PFCs) are used primarily as dternativesto several classes
of ozone-depl eting substances (ODSs) that are being phased
out under the terms of the Montreal Protocol and the Clean
Air Act Amendments of 1990'%. Ozone depleting sub-
stances—chlorofluorocarbons (CFCs), halons, carbon tet-
rachloride, methy!l chloroform, and
hydrochlorofluorocarbons (HCFCs)—are used in avariety
of industrial applications including refrigeration and air
conditioning equipment, solvent cleaning, foam production,

sterilization, fire extinguishing, and aerosols. Although
HFCsand PFCs, unlike ODSs, are not harmful to the strato-
spheric ozone layer, they are powerful greenhouse gases.
Emission estimates for HFCs and PFCs used as substitutes
for ODSs are provided in Table 3-30 and Table 3-31.

In 1990 and 1991, the only significant emissions
of HFCsand PFCsas substitutesto ODSswererelatively
small amounts of HFC-152a—a component of the re-
frigerant blend R-500 used in chillers—and HFC-134a
in refrigeration end-uses. Beginning in 1992, HFC-134a
was used in growing amounts as a refrigerant in motor
vehicle air conditionersand in refrigerant blends such as
R-404'%. In 1993, use of HFCs in foams and aerosols

Table 3-30: Emissions of HFCs and PFCs from ODS Substitution (MMTCE)

Gas 1990 1991 1992 1993 1994 1995 1996 1997
HFC-23 + + + + + + 0.1 0.1
HFC-125 + + 0.2 0.4 1.2 2.2 2.4 2.7
HFC-134a 0.2 0.2 0.2 1.0 1.9 3.4 4.8 6.4
HFC-143a + + + + + 0.1 0.2 0.4
HFC-236fa + + + + + + 0.1 0.3
HFC-4310mee + + + + + 0.2 0.4 0.5
CsFao + + + + + + 0.1 0.2
CFu + + + + + + + +

Others* 0.1 + + + 0.8 3.5 3.7 4.0
Total 0.3 0.2 0.4 1.4 4.0 9.5 11.9 14.7

+ Does not exceed 0.05 MMTCE

* Others include HFC-152a, HFC-227ea, and PFC/PFPES, which are a proxy for a diverse collection of PFCs and perfluoropolyethers (PFPES)
employed for solvent applications. For estimating purposes, the GWP value used for PFC/PFPEs was based upon CgFy,.

Note: Totals may not sum due to independent rounding.

Table 3-31: Emissions of HFCs and PFCs from ODS Substitution (Mg)

Gas 1990 1991 1992 1993 1994 1995 1996 1997
HFC-23 + + + + + 9 26 43
HFC-125 + + 236 481 1,628 2,823 3,172 3,572
HFC-134a 564 564 626 2,885 5,410 9,553 13,605 17,960
HFC-143a + + + 12 43 94 226 427
HFC-236fa + + + + + + 79 175
HFC-4310mee + + + + + 611 1,030 1,479
CiF1o + + + + + 22 64 105
C¢Fus + + + + + 2 6 12
Others* - - -

- Not applicable
+ Does not exceed 0.5 Mg

* Others include HFC-152a, HFC-227ea, and PFC/PFPESs, which are a proxy for a diverse collection of PFCs and perfluoropolyethers (PFPES)

employed for solvent applications.

15[42 U.S.C § 7671, CAA §601]
16 R-404 contains HFC-125, HFC-143a, and HFC-134a.
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began, and in 1994 these compounds also found appli-
cations as solvents and sterilants. In 1995, ODS substi-
tutes for halons entered widespread use in the United
States as halon production was phased-out.

The use and subsequent emissions of HFCs and
PFCs as ODS substitutes increased dramatically, from
small amounts in 1990, to 14.7 MMTCE in 1997. This
increase was the result of efforts to phase-out CFCs and
other ODSs in the United States. This trend is expected
to continue for many years, and will accelerate in the
early part of the next century as HCFCs, which are in-
terim substitutes in many applications, are themselves
phased-out under the provisions of the Copenhagen
Amendments to the Montreal Protocol.

Methodology and Data Sources

The EPA used adetailed vintaging model of ODS-
containing equipment and products to estimate the ac-
tual—versus potential—emissions of various ODS sub-
stitutes, including HFCs and PFCs. The name of the
model refersto the fact that the model tracks the use and
emissions of various compounds for the annual “vin-
tages’ of new equipment that enter service in each end-
use. This vintaging model predicts ODS and ODS sub-
stitute use in the United States based on modeled esti-
mates of the quantity of equipment or products sold each
year containing these chemicals and the amount of the
chemical required to manufacture and/or maintain equip-
ment and products over time. Emissions for each end-
use were estimated by applying annual leak rates and
release profiles, which account for the lag in emissions
from equipment as they leak over time. By aggregating
the data for more than 40 different end-uses, the model
produces estimates of annual use and emissions of each
compound.

The major end-use categories defined in the
vintaging model to characterize ODS use in the United
States were: refrigeration and air conditioning, aerosols,
solvent cleaning, fire extinguishing equipment, steriliza-
tion, and foams.

The vintaging mode! estimates HFC and PFC use
and emissions resulting from their use as replacements
for ODSs by undertaking the following steps:

Step 1: Estimate ODS Use in the United States
Prior to Phase-out Regulations

The model begins by estimating CFC, halon, methyl
chloroform, and carbon tetrachloride use prior to the re-
strictions on the production of these compounds in the
United States. For modeling purposes, total ODS use was
divided into more than 40 separate end-uses. The method-
ology used to estimate baseline ODS use varied depending
on the end-use under consideration. The next section de-
scribes the methodol ogy used for estimating baseline ODS
useintherefrigeration, air conditioning, and fireextinguish-
ing (halon) end-uses. The subsequent section details the
methodology used for all other end-uses.

Step 1.1: Estimate Baseline ODS Use for

Refrigeration, Air Conditioning, and Fire

Extinguishing

For each equipment type, the model estimates the
total stock of ODS-containing equipment during the pe-
riod 1985 to 1997. The key datarequired to devel op stock
estimates for each end-use were as follows:

« Total stock of ODS-containing equipment in usein
the United Statesin 1985

e Theannua rate of growth in equipment consump-
tion in each end-use

e The retirement function for equipment in each
end-use

Historical production and consumption data were
collected for each equipment type to develop estimates
of total equipment stock in 1985. For some end-uses, the
only dataavailable were estimates of ODS usage. Inthese
cases, the total 1985 stock was estimated by dividing to-
tal ODS use by the average charge of ODS in atypical
piece of equipment.

Stocks of ODS-containing equipment change over
time. In the vintaging model, the growth in egquipment
stocks in each end-use was simulated after 1985 using
growth rates that define the total number of pieces of
new equipment added to the stock each year. The model
also uses aretirement function to calcul ate the length of
time each piece of equipment is expected to remain in
service. These retirement functions are a critical part of
the vintaging model because they determine the speed at
which the stock of equipment turns over and is replaced
by new equipment. In this analysis, point estimates of
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the average lifetime of equipment in each end-use were
used to develop retirement functions. These retirement
functions assume 100 percent survival of equipment up
to this average age and zero percent survival thereafter.

Given these data, the total equipment stock in ser-
vice in a given year t was estimated as the equipment
stock in the year (t-1), plus new equipment added to the
stock in year t, minus retirementsin year t.

Annual ODS usewasthen estimated for each equip-
ment type during the period 1985 through 1997. Because
control technologies can reduce particular kinds of ODS
use, use estimates were broken down by type of use (e.g.,
use in new equipment at manufacture and use required
to maintain existing equipment). Baseline estimates of
ODS use were based on the following data collected for
each equipment type:

o ODScharge size (the number of kilograms of ODS
installed in new equipment during manufacture)

o« ODS required to maintain existing equipment (In
many end-uses, chemical must be regularly added
to equipment to replace chemical emitted from the
equipment. Such emissionsresult from normal |eak-
age and from loss during servicing of the equipment.)

With these data, OD S usage for each refrigeration,
air conditioning, and fire extinguishing end-use was cal -
culated using the following equation:

(Total stock of existing equipment in use) * (ODS
required to maintain each unit of existing equipment) +
(New equipment additions) ~ (ODS charge size)

Step 1.2: Estimate Baseline ODS Use in Foams,
Solvents, Sterilization, and Aerosol End-Uses

For end-uses other than refrigeration, air condition-
ing, and fire extinguishing, a simpler approach was used
because these end-uses do not require partial re-filling
of existing equipment each year. I nstead, such equipment
either does not require any ODS after initial production
(e.g., foams and aerosols), or requires complete re-fill-
ing or re-manufacturing of the equipment each year (e.g.,
solvents and sterilants). ODS use does not need to be
differentiated between new and existing equipment for
theseend-uses. Thus, itisnot necessary to track the stocks
of new and existing equipment separately over time.

The approach used for these end-uses was to esti-
mate total ODS use in 1985 based on available industry
data. Future ODS use was estimated using growth rates
that predict ODS consumption growth in these end-uses
over time, based upon input from industry.

Step 2: Specification and Implementation of
Control Technologies

Having established a baseline for ODS equipment
in 1985, the vintaging model next defines controls that
may be undertaken for purposes of reducing ODS use
and emissions within each end-use. The following con-
trols were implemented in the model:

o Replacement of ODS used in the manufacturing of
new eguipment or in the operation of existing equip-
ment (i.e., retrofits) with alternative chemicals, such
asHFCsand PFCs

o Replacement of ODS-based processes or products
with alternative processes or products (e.g., the use
of aqueous cleaning to replace solvent cleaning with
CFC-113)

o Modification of the operation and servicing of equip-
ment to reduce use and emission rates through the
application of engineering and recycling controls

Assumptions addressing these types of controlsin
each end-use were used to develop “substitution sce-
narios’ that simulate the phase-out of ODSsin the United

States by end-use. These scenarios represent EPA's best

estimates of the use of control technologies towards the

phase-out ODSin the United States, and are periodically
reviewed by industry experts.

In addition to the chemical substitution scenarios,
the model also assumes that a portion of ODS substi-
tutes are recycled during servicing and retirement of the
equipment. Recycling is assumed to occur in the refrig-
eration and air conditioning, fire extinguishing, and sol-
vent end-uses.

The substitution scenarios defined for each equip-
ment type were applied to the relevant equipment stocks.
The equipment life-cycle was then simulated after the
imposition of controls. Substitute chemical use and emis-
sions—including HFCs and PFCs—were calculated for
each scenario using the methods described bel ow.
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Step 3: Estimate ODS Substitute Use and
Emissions (HFCs and PFCs)

ODS substitute use (i.e., HFC and PFC use) was
calculated using the same routine described above for
refrigeration, air conditioning, and fire extinguishing
equipment. In terms of chemical usage, a key question
was whether implementation of a given ODS substitute
in an end-use changed the quantity of chemical required
to manufacture new equipment or service existing equip-
ment. Inthisanalysis, it was assumed that the use of ODS
alternatives in new equipment—including HFCs and
PFCs—did not change the total charge of initial chemi-
cal used in the equipment in each end-use. For certain
refrigeration and air conditioning end-uses, however, it
was assumed that new equipment manufactured with
HFCs and PFCs would have lower leak rates than older
equipment. Existing ODS-contai ning equipment that was
retrofitted with HFCs or PFCs was assumed to have a
higher leak rate than new HFC/PFC equipment.

The use of HFCs and PFCs in all other end-uses
was calculated by simply replacing ODS use with the
chemical aternativesdefined in the substitution scenarios.
The use of HFCs and PFCs was not assumed to change
the quantity of chemical used in new or existing equip-
ment for these end-uses.

Thevintaging model estimatesHFC and PFC emis-
sions over the lifetime of equipment in each end-use.
Emissions may occur at the following pointsin the life-
time of the equipment:

e  Emissions upon manufacture of equipment
e Annua emissions from equipment (due to normal
leakage, and if applicable, servicing of equipment)
o Emissions upon retirement of equipment
The emissions that occur upon manufacture of re-
frigeration and air conditioning equipment were assumed
to belessthan 0.1 percent. Annua emissions of HFCs and
PFCs from equipment—due to normal leakage and servic-
ing—were assumed to be constant each year over thelife of
the equipment. The quantity of emissions at disposd is a
function of the prevalence of recycling at disposal.

Emissions for open cell foam were assumed to be
100 percent inthe year of manufacture. Closed cell foams
were assumed to emit a portion of total HFC/PFC use
upon manufacture, a portion at a constant rate over the

lifetime of the foam, and therest at disposal. There were
no foam recycling technologies in use in the United
States; therefore, HFCs and PFCs remaining in closed
cell foam were assumed to be emitted by the end of the
product lifetime.

Emissions were assumed to occur at manufacture,
during normal operation, and upon retirement of fire
extinguishing systems. Emissions at manufacture were
assumed to be negligible and emissions upon disposal
were assumed to be minimal because of the use of re-
covery technologies.

For solvent applications, 15 percent of the chemi-
cal used in equipment was assumed to be emitted in that
year. The remainder of the used solvent was assumed to
be disposed rather than emitted or recycled.

For sterilization applications, all chemicals that
were used in the equipment were assumed to be emitted
in that year.

All HFCsand PFCsused in aerosol swere assumed
to be emitted in the same year. No technologies were
known to exist that recycle or recover aerosols.

Uncertainty

Given that emissions of ODS substitutes occur from
thousands of different kinds of equipment and from mil-
lions of point and mobile sources throughout the United
States, emission estimates must be made using analyti-
cal tools such as the EPA vintaging model or the meth-
odsoutlined in IPCC/UNEP/OECD/IEA (1997). Though
EPA’smodel ismore comprehensive than the IPCC meth-
odology, significant uncertainties still exist with regard
to the levels of equipment sales, equipment characteris-
tics, and end-use emissions profiles that were used to
estimate annual emissions for the various compounds.

Aluminum Production

Aluminumisalight-weight, malleable, and corro-
sion resistant metal that is used in many manufactured
products including aircraft, automobiles, bicycles, and
kitchen utensils. The United States was the largest pro-
ducer of primary aluminum with 17 percent of theworld
total in 1997 (USGS 1998). The United Stateswas also a
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major importer of primary aluminum. The production of
primary aluminum—in addition to consuming large quan-
tities of electricity—resultsin emissions of several green-
house gases including carbon dioxide (CO,) and two
perfluorocarbons (PFCs): perfluoromethane (CF,) and
perfluoroethane (C,Fg).

Occasionally, sulfur hexafluoride (SFg) isalso used
by the aluminum industry as a fluxing and degassing
agent in experimental and specialized casting operations.
In these casesit is normally mixed with argon, nitrogen,
and/or chlorine and blown through molten aluminum;
however, this practice is not used by primary aluminum
production firmsin the United States and is not believed
to be extensively used by secondary casting firms. Where
it does occur, the concentration of Sk in the mixtureis
small and a portion of the SF4 is decomposed in the pro-
cess (Waite and Bernard 1990, Corns 1990). It has been
estimated that 230 Mg of SFg were used by the alumi-
num industry in the United States and Canada (Maiss
and Brenninkmeijer 1998); however, this estimate is
highly uncertain. Emissions of SF; have not been esti-
mated for this source.

Carbon dioxide is emitted during the aluminum
smelting process when alumina (aluminum oxide, Al,O)
is reduced to aluminum using the Hall-Heroult reduc-
tion process. The reduction of the aluminaoccursthrough
electrolysisin amolten bath of natural or synthetic cryo-
lite (NagAlFg). The reduction cells contain a carbon lin-
ing that serves as the cathode. Carbon is also contained
in the anode, which can be a carbon mass of paste, coke
briquettes, or prebaked carbon blocks from petroleum
coke. During reduction, some of this carbon is oxidized
and released to the atmosphere as CO..

Process emissions of CO, from aluminum produc-
tion were estimated at 1.4 MMTCE (5.3 Tg) in 1997 (see
Table 3-32). The CO, emissionsfrom this source, however,
are accounted for under the non-fuel use portion of CO,
from Fossil Fuel Combustion of petroleum coke and tar
pitch in the Energy chapter. Thus, to avoid double count-
ing, CO, emissions from aluminum production are not in-
cluded in totals for the Industrial Processes chapter. They
are provided here for informationa purposes only.

In addition to CO, emissions, the aluminum pro-
duction industry was al so thelargest source of PFC emis-
sionsin the United States. During the smelting process,
when the aluminaore content of the electrolytic bath falls
below critical levelsrequired for electrolysis, rapid volt-
age increases occur, termed “anode effects’. These an-
ode effects cause carbon from the anode and fluorine
from the dissociated molten cryolite bath to combine,
thereby producing fugitive emissions of CF, and C,F.
In general, the magnitude of emissions for a given level
of production depends on the frequency and duration of
these anode effects. The more frequent and long-lasting
the anode effects, the greater the emissions.

Primary aluminum production-rel ated emissions of
PFCs are estimated to have declined 41 percent since
1990t0 2.5 MMTCE of CF, (1,430 Mg) and 0.4 MMTCE
of C,Fg (140 Mg) in 1997, as shown in Table 3-33 and
Table 3-34. This decline was both due to reductions in
domestic aluminum production and actionstaken by alu-
minum smelting companies to reduce the frequency and
duration of anode effects under EPA’s Voluntary Alumi-
num Industrial Partnership (VAIP).

Table 3-32: CO, Emissions from Aluminum
Production

Year MMTCE Tg
1990 1.6 6.0
1991 1.7 6.1
1992 1.6 589
1993 1.5 5.4
1994 1.3 4.8
1995 1.4 5.0
1996 1.4 5.8
1997 1.4 5.8

Table 3-33: PFC Emissions from Aluminum
Production (MMTCE)

Year CF, C,Fg Total
1990 4.3 0.6 4.9
1991 4.1 0.6 4.7
1992 3.6 0.5 4.1
1993 3.1 0.4 3.5
1994 2.5 0.4 2.8
1995 2.4 0.3 2.7
1996 2.5 0.4 2.9
1997 2.5 0.4 2.9

Note: Totals may not sum due to independent rounding.
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Table 3-34: PFC Emissions from Aluminum
Production (Mg)

Year CF, C,Fg
1990 2,430 240
1991 2,330 230
1992 2,020 200
1993 1,750 170
1994 1,400 140
1995 1,330 130
1996 1,430 140
1997 1,430 140

U.S. primary aluminum production for 1997, to-
taling 3,603 thousand metric tons, increased only slightly
from 1996. Changesin U.S. primary aluminum produc-
tion are due in part to imports, mainly from Russia and
other republics of the Former Soviet Union. For example,
in 1994 these countries exported 60 percent more ingots
(metal cast for easy transformation) to the United States
than in 1993, leading to asignificant declinein domestic
production. However, importsfrom Russia have declined
from their peak level in 1994 (USGS 1998).

The transportation industry remained the largest
domestic consumer of aluminum, accounting for about
29 percent (USGS 1998). The “big three” automakers
have announced new automotive designs that will ex-
pand the use of aluminum materials in the near future.
The U.S. Geological Survey believes that demand for
and production of aluminum will continue to increase.

Methodology

Carbon dioxideisgenerated during aluminareduc-
tion to aluminum metal following the reaction below:

2Al1,05 + 3C - 4Al + 3CO,

The quantity of CO, released was estimated from
the production of primary aluminum metal and the car-
bon consumed by the process. During alumina reduc-
tion, approximately 1.5 to 2.2 metric tons of CO, are
emitted for each metric ton of aluminum produced
(Abrahamson 1992). In previous inventories, the mid-
point (1.85) of thisrange was used for the emission fac-
tor. However, for this year’s report—and adjusting ear-

lier years—the emission factor wasrevised to 1.5 metric
tons CO, per metric ton of aluminum smelted based on a
mass balance for a “typical” aluminum smelter (Drexel
University Project Team 1996). Thisvalueis at the low
end of the Abrahamson (1992) range.

The CO, emissions from this source are already ac-
counted for under CO, Emissions from Fossil Fuel Com-
bustion inthe Energy chapter.!” Thus, to avoid double count-
ing, CO, emissions from auminum production are not in-
cluded in totalsfor the Industrial Processes chapter.

PFC emissions from aluminum production were
estimated using aper unit production emission factor for
the base year 1990. The emission factor used is a func-
tion of several operating variablesincluding average an-
ode effect frequency and duration. Total annual emis-
sions for 1990 were then calculated based on reported
annual production levels. The five components of the per
unit production emission factor are:

e Amount of CF, and C,F; emitted during every
minute of an anode effect, per ampere of current
o Average duration of anode effects
o Average frequency of anode effects
o  Current efficiency for aluminum smelting
e Current required to produce a metric ton of alumi-
num, assuming 100 percent efficiency
Using available data for the United States, this
methodology yields arangein the emission factor of 0.01
to 1.2 kg CF, per metric ton of aluminum produced in
1990 (Jacobs 1994). The emission factor for C,Fg was
estimated to be approximately an order of magnitude
lower. Emissions for 1991 through 1996 were estimated
with emission factors that incorporated data on reduc-
tionsin anode effects reported to the VAIP by aluminum
companies.

Data Sources

Primary aluminum production datafor 1990 through
1997 (see Table 3-35) were abtained from USGS, Mineral
Industry Surveys: Aluminum Annual Report (USGS 1998,
1995). The USGSrequested datafrom the 13 domestic pro-
ducers, &l of whom responded. The CO, emission factor

17 Although the carbon contained in the anode is considered a non-fuel use of petroleum coke or tar pitch and should be included in the Industrial
Processes chapter, information to distinguish individual non-fuel uses of fossil fuels is unfortunately not available in DOE/EIA fuel statistics.
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range was taken from Abrahamson (1992). The mass bal-
ancefora“typica” auminum smelter wastaken from Drexel
University Project Team (1996).

PFC emission estimateswere provided by the EPA’s
Atmospheric Pollution Prevention Division in coopera-
tion with participantsin the Voluntary Aluminum Indus-
trial Partnership (VAIP).

Table 3-35: Production of Primary Aluminum

Year Thousand Metric Tons
1990 4,048
1991 4,121
1992 4,042
1993 3,695
1994 3,299
1995 3,375
1996 3,577
1997 3,603

Uncertainty

Uncertainty exists as to the most accurate CO,
emission factor for a uminum production. Emissionsvary
depending on the specific technol ogy used by each plant.
However, evidence suggests that there is little variation
in CO, emissionsfrom plants utilizing similar technolo-
gies (IPCC/UNEP/OECD/IEA 1997). A less uncertain
method would be to cal cul ate emissions based upon the
amount of carbon—in the form of petroleum coke or tar
pitch—consumed by the process; however, this type of
information was not available.

For PFC emission estimates, the value for emis-
sions per anode effect minute per ampere was based on a
limited number of measurements that may not be repre-
sentative of the industry as awhole (EPA 1993). For ex-
ample, the emission factor may vary by smelter technol-
ogy type, among other factors. The average frequency of
anode effects and the current efficiency are well docu-
mented; however, insufficient measurement data existed
to quantify a relationship between PFC emissions and
anode effect minutes. Future inventories will incorpo-
rate additional data reported to VAIP by aluminum com-
panies and ongoing research into PFC emissions from
aluminum production.

Emissions of Sk, from aluminum fluxing and de-
gassing have not been estimated. Uncertainties exist as
to the quantity of SFg used by the aluminum industry
and its rate of destruction asit is blown through molten
aluminum.

HCFC-22 Production

Trifluoromethane (HFC-23 or CHF;) is generated
as a by-product during the manufacturing of
chlorodifluoromethane (HCFC-22), which is primarily
employed as a substitute for ozone depleting sub-
stances—mainly in refrigeration and air conditioning
systems—and as a chemical feedstock for manufactur-
ing synthetic polymers. Because of itsstratospheric 0zone
depleting properties, HCFC-22 production for non-feed-
stock uses is scheduled to be phased out by 2020 under
the U.S. Clean Air Act.'® Feedstock production, in con-
trast, is permitted to continue indefinitely.

HCFC-22 is produced by the reaction of chloroform
(CHCl5) and hydrogen fluoride (HF) in the presence of a
catalyst, SbClg. The reaction of the catalyst and HF pro-
duces SbCl,F,, (where x +y = 5), which reacts with the
chlorinated hydrocarbons to replace chlorine atoms with
fluorine. The HF and chloroform are introduced by sub-
merged piping into a continuous-flow reactor that contains
the catalyst in a hydrocarbon mixture of chloroform and
partialy fluorinated intermediates. The vapors leaving the
reactor contain HCFC-21 (CHCI,F), HCFC-22 (CHCIF,),
HFC-23 (CHF;), HCl, chloroform, and HF. The under-flu-
orinated intermediates (HCFC-21) and chloroform arethen
condensed and returned to the reactor, along with residual
catalyst, to undergo further fluorination. The fina vapors
leaving the condenser are primarily HCFC-22, HFC-23, HCI
and residual HF. HCI is recovered as a useful byproduct,
and the HF isremoved. Once separated from HCFC-22, the
HFC-23 is generaly vented to the atmosphere as an un-
wanted by-product, or may be captured for usein alimited
number of applications.

Emissions of HFC-23 in 1997 were estimated to
be 8.2 MMTCE (2,570 Mg). This represents a 14 per-
cent decline from emissions in 1990 (see Table 3-36).

18 As construed, interpreted and applied in the terms and conditions of the Montreal Protocol on Substances that Deplete the Ozone Layer. [42

U.S.C. §7671m(b), CAA §614]
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Inthefuture, production of HCFC-22 inthe United
States is expected to increase initially and then decline
as non-feedstock HCFCs production is phased-out; feed-
stock production is anticipated to continue growing
steadily, mainly for manufacturing Teflon® and other
chemical products. All U.S. producers of HCFC-22 are
participating in avoluntary program with the EPA to re-
duce HFC-23 emissions.

Table 3-36: HFC-23 Emissions from HCFC-22
Production

Year MMTCE Gy
1990 9.5 3.0
1991 8.4 2.6
1992 9.5 3.0
1993 8.7 2.7
1994 8.6 2.7
1995 7.4 2.3
1996 8.5 2.7
1997 8.2 2.6
Methodology

EPA studied the conditions of HFC-23 generation,
methods for measuring emissions, and technologies for
emissions control. This effort was undertaken in coop-
eration with the manufacturers of HCFC-22.

Earlier emission estimates assumed that HFC-23
emissions were between 2 and 4 percent of HCFC-22
production on a mass ratio basis. The methodology em-
ployed for this report was based upon measurements of
critical feed componentsat individual HCFC-22 produc-
tion plants. Individual producers also measured HFC-23
concentrations in the process stream by gas chromatog-
raphy. Using measurements of feed components and
HFC-23 concentrations in process streams, the amount
of HFC-23 generated was estimated. HFC-23 concen-
trations were determined at the point the gas leaves the
chemical reactor; therefore, estimates also include fugi-
tive emissions.

Data Sources

Emission estimates were provided by the EPA's
Atmospheric Pollution Prevention Division in coopera-
tion with the U.S. manufacturers of HCFC-22.

Uncertainty

A high level of confidence has been attributed to
the HFC-23 concentration data employed because mea-
surements were conducted frequently and accounted for
day-to-day and process variability. It is estimated that
the emissions reported are within 20 percent of the true
value. This methodology allowed for determination of
reductions in HFC-23 emissions during a period of in-
creasing HCFC-22 production. The use of a constant
emission factor would not have allowed for such an as-
sessment. By 1996, the rate of HFC-23 generated as a
percent of HCFC-22 produced dropped, on average, be-
low 2 percent in the United States.

Semiconductor Manufacture

The semiconductor industry uses multiple long-
lived fluorinated gases in plasma etching and chemical
vapor deposition (CV D) processes. The gases most com-
monly employed are trifluoromethane (HFC-23),
perfluoromethane (CF,), perfluoroethane (C,Fg), and sul-
fur hexafluoride (SFg), athough other compounds such
asnitrogen trifluoride (NF3) and perfluoropropane (C;Fg)
and perfluorocyclobutane (c-C,Fg) are also used. The
exact combination of compounds is specific to the pro-
cess employed.

Plasma etching is performed to provide pathways
for the conducting material to connect individual circuit
components in the silicon, using HFCs, PFCs, SFg and
other gasesin plasma. The etching process creates fluo-
rine atoms that react at the semiconductor surface ac-
cording to prescribed patternsto sel ectively remove sub-
strate material. A single semiconductor wafer may re-
quire as many as 100 distinct process steps that utilize
these gases. Chemical vapor deposition chambers, used
for depositing materials that will act as insulators and
wires, are cleaned periodically using PFCs and other
gases. During the cleaning cycle the gasis converted to
HF in plasma, which etches away residual material from
chamber walls, electrodes, and chamber hardware. The
majority of the gas flowing into the chamber flows
unreacted through the chamber and, without recovery
systems, is emitted into the atmosphere.
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In addition to being directly used in the manufac-
turing processes, these gases can also be transformed
during the process into a different HFC or PFC com-
pound, which isthen exhausted into the atmosphere. For
example, when either CHF; or C,F; is used in cleaning
or etching, CF, is often generated and emitted as a pro-
cess by-product.

For 1997, it was estimated that total weighted emis-
sions of all greenhouse gases by the U.S. semiconductor
industry were 1.3 MMTCE. These gases were not widely
used in 1990, hence, emissions in 1990 were estimated to
be only 0.2 MMTCE. Combined emissions of al gasesare
presented in Table 3-37 below. It is expected that the rapid
growth of this industry and the increasing complexity of
microchips will increase emissionsin the future.

Table 3-37: PFC Emissions from Semiconductor
Manufacture

Year MMTCE*
1990 0.2
1991 0.4
1992 0.6
1993 0.8
1994 1.0
1995 1.2
1996 1.4
1997 1.3

* Combined radiative forcing effect of all gases

Methodology

An estimate of emissions was devel oped based on
the approximate sales of the four main gases (HFC-23,
CF,, C,Fg, and SF) to semiconductor firms. Estimates
were confirmed with data reported to the EPA by a sub-
set of firms in the industry who have engaged in volun-
tary monitoring efforts. Further study of gas emission
ratesis also underway.

Data Sources

Emission estimates were provided by the EPA's
Atmospheric Pollution Prevention Division in coopera-
tion with the U.S. semiconductor industry.

Uncertainty

Emission estimates for this source are believed to
be highly uncertain due to the lack of detailed gas con-
sumption data and the complex chemical reactions in-
volved in the processes used. For example, in the etch-
ing process the gas molecules are disrupted by aplasma
into varied recombinant formulations specific to each tool
and operation. Therefore, aportion of the gases consumed
may be destroyed or transmuted into other gases. Be-
cause of these uncertainties, unweighted emissions by
gas are not presented.

Another greenhouse gas, NF5, has not been evalu-
ated by the IPCC and was not included in this inventory
of greenhouse gas emissions. It has been estimated that
the atmospheric lifetime of NF;, beforeit undergoes pho-
todissociation in the stratosphere, is about 700 years, re-
sulting in a 100 year global warming potential (GWP)
value of approximately 8,000 (Molina, Wooldridge, and
Molina1995). Asthe understanding of the emission char-
acteristics of this gasimproves, NF; will beincluded in
future inventories.

Electrical Transmission and
Distribution

The largest use for sulfur hexafluoride (SFg), both
domestically and internationally, is as an electrical insu-
lator in equipment that transmits and distributes el ectric-
ity. It has been estimated that 30 percent of the world-
wide use of SFg is leaked from electrical transmission
and distribution equipment (Maiss and Brenninkmeijer
1998). The gas has been employed by the electric power
industry in the United States since the 1950s because of
its dielectric strength and arc-quenching characteristics.
It is used in gas-insulated substations, circuit breakers,
and other switchgear. Sulfur hexafluoride has replaced
flammable insulating oils in many applications and al-
lowsfor more compact substationsin dense urban areas.

Fugitive emissions of SF4 can escape from gas-in-
sulated substations and switchgear through seals, espe-
cially from older equipment. It can also be released dur-
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ing equipment installation and when equipment is opened
for servicing, which typically occurs every few years. In
the past, some utilities vented SF4 to the atmosphere dur-
ing servicing; however, itisbelieved that increased aware-
ness and the relatively high cost of the gas have reduced
this practice.

Emissions of Sk from electrical transmission and
distribution systems were estimated to be 7.0 MMTCE
(1,020 Mg) in 1997. This quantity amountsto a 25 percent
increase over the estimate for 1990 (see Table 3-38).

Table 3-38: SFgz Emissions from Electrical
Transmission and Distribution

Year MMTCE Mg
1990 5.6 859
1991 5.9 902
1992 6.2 945
1993 6.4 988
1994 6.7 1,031
1995 7.0 1,074
1996 7.0 1,074
1997 7.0 1,074
Methodology

The EPA developed its methodology for estimat-
ing SFg emissions from electrical transmission and dis-
tribution systems in 1994. The method estimates actual
emissions of Sk, using atop-down, or production-based
approach. Specifically, emissions were cal culated based
upon the following factors: 1) the estimated U.S. pro-
duction capacity for SFg, 2) the estimated utilization of
this production capacity, 3) the fraction of U.S. SF; pro-
duction estimated to be sold annually for use in electri-
cal equipment, and 4) the fraction of these sales estimated
to replace emitted gas.

Based on information gathered from chemical
manufacturers, the EPA estimated in 1994 that U.S. pro-
duction capacity for SFgwas 3.0 thousand metric tons. It
was assumed that plants were operating at 90 percent
capacity, which was consistent with industry averages
and implied that 2.7 thousand metric tons of SF; were
produced in 1994. The EPA further assumed that 75 per-
cent of U.S. Sk, sales were made to electric utilities and

electrical transmission and distribution equipment manu-
facturers. Thisassumption is consistent with the estimate
givenin Ko, et al. (1993) that worldwide, 80 percent of
Sk, sales is for electrical transmission and distribution
systems. Seventy-five percent of annual U.S. production
in 1994 was 2.0 thousand metric tons.

Finally, the EPA assumed that approximately 50
percent of this production, or 1.0 thousand metric tons,
replaced gas emitted into the atmosphere in 1994. This
amount is equivalent to 6.5 MMTCE. The EPA’s esti-
mate was based on information that emissionsratesfrom
this equipment were significant and atmospheric mea-
surements that indicated that most of the Sk, produced
internationally since the 1950s had been released. Emis-
sions from electrical equipment were known to occur
from the service and disposal of the equipment and leaks
during operation. Leaks from older equipment were re-
ported to release up to 50 percent of the equipment’s
charge per year, athough leaks from newer equipment
were reported to release considerably less (e.g., under 1
percent of the charge per year).

It was assumed that emissions have remained con-
stant at 7 MMTCE since 1994.

Data Sources

Emission estimates were provided by the EPA's
Atmospheric Pollution Prevention Division in coopera-
tion with U.S. electric utilities and chemical producers.

Uncertainty

Thereiscurrently little verifiable datafor estimat-
ing SFg emissions from electrical transmission and dis-
tribution systems. Neither U.S. gas consumption nor
emission monitoring data were avail able when these es-
timates were devel oped. The EPA has recently launched
a voluntary program with electrical power systems to
reduce emissions of Sk, from equipment used to trans-
mit and distribute electricity such as high voltage circuit
breakers, substations, transformers, and transmission
lines. The EPA anticipatesthat better information on SFg
emissions from electrical equipment will be provided
through its voluntary agreements with electrical utilities
that use SF4 in equipment.
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Magnesium Production and
Processing

The magnesium metal production and casting in-
dustry uses sulfur hexafluoride (SFg) as a covergas to
prevent the violent oxidation of molten magnesium in
the presence of air. Small concentrations of SFgin com-
bination with carbon dioxide and/or air are blown over
the molten magnesium metal to induce and stabilize the
formation of a protective crust. A minute portion of the
SFg applied reacts with the magnesium to form a thin
molecular film of mostly magnesium oxide and some
magnesium fluoride. No significant conversion or de-
struction of SFg occurs in the magnesium casting pro-
cesses, and it is currently assumed that all Sk isemitted
to the atmosphere. The industry adopted the use of SFg
to replace salt fluxes, sulfur dioxide (SO,), and boron
trifluoride (BF3), which are toxic and more corrosive at
higher concentrations. The SF4 techniqueis used by pro-
ducers of primary magnesium metal and most magne-
sium part casters.

For 1997, atotal of 3.0 MMTCE (460 Mg) of SFg
was estimated to have been emitted by the magnesium
industry, 76 percent more than was estimated for 1990
(see Table 3-39). There are no significant plans for ex-
pansion of primary production in the United States, but
demand for magnesium metal for die casting has begun
to expanded as auto manufacturers have begun to design
more magnesium parts into vehicle models.

Table 3-39: SF4 Emissions from Magnesium
Production and Processing

Year MMTCE Mg
1990 1.7 260
1991 2.0 300
1992 2.2 340
1993 2.5 380
1994 2.7 420
1995 3.0 460
1996 3.0 460
1997 3.0 460

Methodology

Emissionswere estimated based upon usage infor-
mation supplied to the EPA by primary magnesium pro-
ducers. Consumption was assumed to equal emissionsin
the same year. Although not directly employed, the Nor-
wegian Institute for Air Research (NIAR 1993) has re-
ported a range of emission factors for primary magne-
sium production as being from 1 to 5 kg of SFq per met-
ric ton of magnesium. A survey of magnesium die cast-
ers has also reported an average emission factor of 4.1
kg of SFg per metric ton of magnesium parts die cast
(Gjestland and Magers 1996).

Data Sources

Emission estimates were provided by the EPA's
Atmospheric Pollution Prevention Division in coopera-
tion with the U.S. primary magnesium metal producers
and casting firms.

Uncertainty

There are a number of uncertainties in these esti-
mates, including the assumption that SF; does not react
nor decompose during use. In redlity, it is possible that
the melt surface reactions and high temperatures associ-
ated with molten magnesium would cause some gas deg-
radation. Like other sources of SF; emissions, verifiable
SFg consumption datafor the United States were not avail -
able. Sulfur hexafluoride may also be used as acovergas
for the casting of molten aluminum with a high magne-
sium content; however, it isuncertain to what extent this
practice actually occurs.
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Box 3-1: Potential Emission Estimates of HFCs, PFCs, and SFg

Emissions of HFCs, PFCs and SF4 from industrial processes can be estimated in two ways, either as potential emissions or as
actual emissions. Emission estimates contained within the rest of this chapter are “actual emissions,” defined by the Revised 1996
IPCC Guidelines for National Greenhouse Gas Inventories (IPCC 1997) as estimates that take into account the time lag between
consumption and emissions. In contrast, “potential emissions” are defined to be equal to the amount of a chemical consumed in
a country, minus the amount of a chemical recovered for destruction or export in the year of consideration. Potential emissions will
generally be greater for a given year than actual emissions, since some amount of chemical consumed will be stored in products
or equipment and will not be emitted to the atmosphere until a later date. Because all chemicals consumed will eventually be
emitted into the atmosphere unless they are destroyed, in the long term the cumulative emission estimates using the two ap-
proaches should be equivalent. Although actual emissions are considered to be the more accurate estimation approach for a single
year, estimates of potential emissions are presented here for completeness.

Separate estimates of potential emissions were not made for industrial processes that fall into the following categories:

« By-product emissions. Some emissions do not result from the consumption or use of a chemical, but are the unintended by-
products of another process. For such emissions, which include emissions of CF, and C,Fg from aluminum production and of
HFC-23 from HCFC-22 production, the distinction between potential and actual emissions is not relevant.

« Potential emissions that equal actual emissions. For some sources, such as magnesium production and processing, it is as-
sumed that there is no delay between consumption and emission and that no destruction of the chemical takes place. It this
case, actual emissions equal potential emissions.

« Emissions that are not easily defined. In some processes, such as semiconductor manufacture, the gases used in the process
may be destroyed or transformed into other compounds, which may also be greenhouse gases. It is therefore not logical to
estimate potential emissions based on consumption of the original chemical.

Table 3-40 presents potential emission estimates for HFCs and PFCs from the substitution of ozone depleting substances and SFy

emissions from electrical transmission and distribution and other miscellaneous sources such as tennis shoes and sound insulat-

ing windows.® Potential emissions associated with the substitution for ozone depleting substances were calculated through a

combination of EPA's Vintaging Model and information provided by U.S. chemical manufacturers. For other SF4 sources, estimates

were based on an assumed U.S. SFg production capacity and plant utilization to estimate total sales. The portion of this amount

used for magnesium processing and assumed to be used for semiconductor manufacture were subtracted. This value of U.S.

potential emissions of SF; was compared against the value that would be estimated based on global sales data and SFg consump-

tion reported by other countries. The two values were consistent within 25 percent.

Table 3-40: 1997 Potential and Actual Emissions of HFCs, PFCs, and SF4 from Selected Sources (MMTCE)

Source Potential Actual
Substitution of Ozone Depleting Substances 25.7 14.7
Aluminum Production - 2.9
HCFC-22 Production - 8.2
Semiconductor Manufacture - 1.3
Magnesium Production and Processing 3.0 3.0
Other SFg Sources* 14.8 7.0

- Not applicable.
*Includes Electrical Transmission and Distribution and, in the case of potential emissions, other miscellaneous sources.
Note: Totals may not sum due to independent rounding.

19 See Annex P for a discussion of sources of SFs emissions excluded from the actual emissions estimates in this report.
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Industrial Sources of
Criteria Pollutants

In addition to the main greenhouse gases addressed
above, many industrial processes generate emissions of
criteriaair pollutants. Total emissions of nitrogen oxides
(NQ,), carbon monoxide (CO), and nonmethane volatile
organic compounds (NMVOCSs) from non-energy indus-
trial processes from 1990 to 1997 are reported by appli-
cation category in Table 3-41.

Methodology and Data Sources

The emission estimates for this source were taken
directly from the EPA’'s National Air Pollutant Emissions
Trends, 1900-1997 (EPA 1998). Emissions were calcu-
lated either for individual sources or for many sources
combined, using basic activity data (e.g., the amount of
raw material processed) as an indicator of emissions.
National activity datawere collected for individual source

categories from various agencies. Depending on the
source category, these basic activity data may include
data on production, fuel deliveries, raw material pro-
cessed, etc.

Activity data were used in conjunction with emis-
sion factors, which together relate the quantity of emis-
sionsto the activity. Emission factorsare generaly avail-
able from the EPA’s Compilation of Air Pollutant Emis-
sion Factors, AP-42 (EPA 1997). The EPA currently de-
rives the overall emission control efficiency of a source
category from a variety of information sources, includ-
ing published reports, the 1985 National Acid Precipita-
tion and Assessment Program emissions inventory, and
other EPA databases.

Uncertainty

Uncertainties in these estimates are partly due to
the accuracy of the emission factors used and accurate
estimates of activity data.

Table 3-41: NO,, CO, and NMVOC Emissions from Industrial Processes (Gg)

Gas/Source 1990 1991 1992 1993 1994 1995 1996 1997
NO, 771 648 629 603 774 656 754 781
Chemical & Allied Product Manufacturing 152 149 148 141 145 144 144 151
Metals Processing 88 69 74 75 82 89 89 93
Storage and Transport 3 5 4 4 5 5 5 6
Other Industrial Processes 343 319 328 336 858 362 366 382
Miscellaneous* 185 106 75 48 189 56 150 150
Cco 9,580 7,166 5,480 5,500 7,787 5370 7,523 7,689
Chemical & Allied Product Manufacturing 1,074 1,022 1,009 992 1,063 1,109 1,109 1,168
Metals Processing 2,395 2,333 2,264 2,301 2,245 2,159 2,157 2,237
Storage and Transport 69 25 15 46 22 22 22 24
Other Industrial Processes 487 497 494 538 544 566 576 601
Miscellaneous* 5556 3,288 1,697 1,623 3,912 1,514 3,658 3,660
NMVOCs 3,193 2,997 2,825 2,907 3,057 2,873 2,521 2,622
Chemical & Allied Product Manufacturing 575 644 649 636 627 599 396 415
Metals Processing 111 112 113 112 114 113 64 66
Storage and Transport 1,356 1,390 1,436 1,451 1,478 1,499 1,190 1,249
Other Industrial Processes 364 856 376 401 397 409 398 416
Miscellaneous* 787 496 252 306 441 258 473 476

* Miscellaneous includes the following categories: catastrophic/accidental release, other combustion, health services, TSDFs (Transport,
Storage, and Disposal Facilities under the Resource Conservation and Recovery Act), cooling towers, and fugitive dust. It does not include
agricultural fires or slash/prescribed burning, which are accounted for under the Agricultural Burning source.

Note: Totals may not sum due to independent rounding.
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